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A special group of embryonic cells, neural crest cells have the ability to migrate out 
of the dorsal part of the neural tube to the underlying mesenchyme and form different 
types of tissues in the embryos. Neural crest cells that were originated from the 
somite level 1 to 7 (vagal neural crest cells) and the somite level 8 to 9 (part of the 
trunk neural crest cells) were examined in this studies. Both the vagal and trunk 
neural crest cells were found to involve in the development of the enteric nervous 
system. In the present study, normal ICR embryos and embryos from the Dominant 
megacolon (Dom) mice were labelled with two exogenous dyes, WGA-Au or Di-I to 
map out the migration pattern of the neural crest cells in both ICR and Dom mouse 
embryos. Results showed that in normal ICR embryos, neural crest cells originated 
from the somite level 1 to 4 started their migration at the 7-to 8-somite stage. 
Migration at the somite level 5 to 7 started at the 10- to 11-somite stage and 
migration at the somite level 8 to 9 commenced at the 12- to 13-somite stage. Neural 
crest cells originated from the somite level 1 to 4 reached the foregut at the 21- to 23-
somite stage while those originated from the somite level 5 to 7 and 8 to 9 reached 
the gut at the 25- to 27-somite stage. In addition, they were found to migrate along 
two pathways: the medial andlateral pathways. In Dom embryos, it was found that in 
all three genotypes, i.e. wild-type embryos (WT), heterozygous (Dom/+) and 
homozygous (Dom/Dom) mutants, the initial migration pattern before the 12- to 13-
somite stage was similar to that of the normal ICR embryos at the somite levels 1 to 
4, 5 to 7 and 8 to 9. Thereafter, WT embryos showed migration similar to that of the 
ICR embryo. However, retarded migration was observed in the Dom/+ mutant. The 
neural crest cells reached the gut at a later time (25- to 27-somite stage), while 
Dom/Dom mutant neural crest cells stopped their migration in the mesenchyme 
i 
between the somite and the neural tube and did not reach the gut. A significant 
reduction in the number of the neural crest cells in the Dom/+ and Dom/Dom 
mutants at all the levels was found. Moreover, the lateral pathway was absent in 
both Dom/+ and Dom/Dom mutants. The results of the present study suggest that 
the retardation of the migration of neural crest cells towards the gut may be one of 
the causes of the deficiency in parasympathetic ganglia in the Dom mouse. 
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Chapter one: Introduction 
Chapter 1. Introduction 
1,1 Origin of the neural crest cells 
1. L1 Formation of the Neural Tube 
The neural tube which is the precursor of the central nervous system of higher 
vertebrates, appears first at the early stage by thickening of the epithelial layer derived 
from the embryonic ectoderm during embryonic development. The edges of this 
neural ectoderm elevate into neural folds comprising the neuroepithelium and the 
underlying mesenchyme, and a shallow neural groove which forms in the middle of 
the neural ectoderm divides the neural ectoderm equally into two halves. This is 
resulted from the contraction of the cytoskeleton within the apex of each single neural 
plate cell with constant volume, since cells of the developing neural tube consist of 
rings of microfilament at their apex. The neural folds continue to elevate, bend 
toward each other and fuse at their tips in the middle of the dorsal body axis to form 
the neural tube (McLachlan, 1994). The neural tube then gives rise to the future 
central nervous system, that is, the brain and the spinal cord. This process 
commences first at the level of the third and fourth somites and proceeds both 
rostrally and caudally to the tail. 
Different classes of organisms have various processes for the formation of the 
neural tube. For example, in fish embryos and in the posterior part of avian embryos, 
the neural tube is not formed from upward folding of the neural ectoderm. Instead, 
the thickened neural ectoderm separates from the rest of the surface epithelium and a 
-
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neural tube is formed by cavitation of the solid medullary tissue (Weston, 1970; 
Balinsky, 1975). 
1.1.2 The Neural Crest Cells and the Vagal Neural Crest Cells 
The neural crest cells are a group of cells that are originated from the crest of 
the apposing neural folds and are left underneath the surface epithelium on the dorsal 
side of the neural tube (Le Douarin, 1982, Kirby et al.，1983; Kirby，1989，1990, 
1993). These neural crest cells are unique to vertebrates and higher chordates. In bird 
embryos, neural crest cells emerge from the closed neural tube. The neural 
ectodermal cells in the crest region undergo an epithelial-to-mesenchymal 
transformation during which the ectodermal cells change their epithelial appearance to 
become mesenchymal cells. As this population of mesenchymal cells are originated 
from the neural ectoderm, they are also referred to as ectomesenchyme to distinguish 
them from the mesodermally derived mesenchymal cells (Le Douarin, 1980). The 
neural crest cells then leave the lateral edges of the neural ectoderm and go into the 
mesenchyme of the embryo. The formation of neural crest cells follows the 
craniocaudal sequence of the neural tube closure in avian embryos (Bancroft and 
Bellairs, 1976; Tosney，1978). In mammalian embryos, there is also a craniocaudal 
progression of neural crest formation. However, the emergence of neural crest cells in 
the cranial region seems to be unrelated to the sequence of the formation of the closed 
neural tube (Nichols, 1981; Tan and Morriss-Kay, 1985, 1986; Chan and Tarn, 1988). 
In mouse embryos, for example, the neural crest cells in the mesencephelic region 
start to leave the neural tube when the neural tube is still widely open (Chan and Tarn, 
1988). 
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In mammalian embryos, the neural crest cells that are derived from the level of 
somites 1 to 7 are called the vagal neural crest cells, while those migrate from the 
region posterior to somite 24 are the sacral neural crest cells and those between somite 
7 to 24 are termed the trunk neural crest cells (Pomeranz et al.，1991; Serbedzija et al.， 
1991). Inside a part of the vagal region, the neural crest cells that are derived from 
the axial level located between the otic placode and the somite number 3 are also 
called the cardiac neural crest cells, since these neural crest cells also participate in 
the cardiac development including the formation of cardiac ganglia located in the 
plexuses at the venous and arterial portion and at the epicardium of the heart and the 
formation of the aortiopulmonary septum (Kirby et al., 1983). Apart from the heart 
development, they also participate in the formation of the mesenchymal tissues which 
at later developmental stages give rise to connective tissues, cartilages and bones in 
the craniofacial region. The derivatives of the vagal neural crest cells from somites 4 
to 7 and those originated from the trunk and sacral neural crest region include 
ganglionic neurons, dorsal root ganglia and their supporting cells such as Schwann 
cells, melanocytes (Le Douarin, 1980). It is found that, the neural crest cells derived 
from the region of the neuroaxis between somites 3 to 6 are the major source of crest 
cells to the gut for the development of the enteric nervous system (Epstein, 1994). 
The migration of the neural crest cells may be actively triggered by their own 
migration initiative (Chan and Tarn, 1988), passively directed by surrounding tissues 
or environmental cues (Noden, 1983, D'Amico-Martel and Noden, 1983) or driven by 
a combination of active and passive forces originated from their own cellular 
programme and the surrounding environment (Chan and Lee, 1992). The crest cells 
then move along specific migration pathways to localize different regions in the 
embryo where they differentiate into different type of tissues. Those migrated from 
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the vagal level have been found to have a significant contribution to the development 
of the enteric nervous system (Rothman et al., 1993). 
1.1,3 The Migration Profiles of Neural Crest Cells Originated from the Axial level 
other than Vagal Neural Crest 
Apart from the neural crest cells that migrated from the vagal level, the sacral 
neural crest cells have also been found to have a contribution to the enteric nervous 
system of the hindgut. By the use of organ culture of mouse embryonic hindgut, 
Rothman and Gershon (1982) have found that neuron precursor cells are present in 
the hindgut at embryonic day 9. At this day, the vagal neural crest cells are not 
supposed to be located at this region. This means a source of these neuron precursor 
cells that is closer than the vagal neural crest cells is present. This fact is further 
supported by studies with the microinjection of a dye or a viral probe to the embryos 
of the chicken and the mouse (Pomeranz et al, 1991; Serbedzija et al, 1991). Labelled 
cells were found inside the gut caudal to the umbilicus mainly in the colorectum but 
not in the nearby small intestine (Hearn and Newegreen, 2000). The number of the 
sacral neural crest cells that colonized the gut was smaller when compared with that 
of the vagal neural crest cells. Therefore, the hindgut have a dual sources for the cells 
of the enteric nervous system and there is a caudal-to-rostral colonization of the sacral 
neural crest cells along the gut. 
The trunk neural crest cells are also found to have a contribution of the enteric 
nervous system. They participate in the development of the submucosal and 
myenteric plexuses inside the oesophagus. This finding was concluded by the 
-
Chapter one: Introduction 
observations of the avian embryos that their enteric nervous system in the oesophagus 
differentiates at an unexpected late stage of development (Fairman et al, 1995) and 
also the little participation of the vagal neural crest to the formation of the enteric 
nervous system in the oesophagus (Peters-van der Sanden et al, 1993) although the 
foregut is close to the vagal level of the neural crest. Moreover，the results that are 
obtained from cell labelling in mice and ablation of avian neural crest also suggest 
that another source of neural crest cells other than the vagal neural crest cells 
contributed to the formation of the enteric nervous system of the oesophagus. 
Labelled neural crest cells were found in the oesophagus when only trunk level neural 
crest was labelled (Durbec et al, 1996). After ablation of the entire vagal neural crest 
in avian embryos, the enteric nervous system in the foregut was also found to remain 
intact (Peters-van der Sanden et al, 1993a). 
1.1.4 Development of the Gastrointestinal Tract and the Enteric Nervous System 
The gastrointestinal tract forms from the endoderm that originally lines the 
yolk sac. The primitive gut is formed by rolling of this endoderm first at the cranial 
and caudal ends to form the foregut and the hindgut respectively, while the middle 
region is connected with the yolk sac and will roll up later to become the midgut. The 
yolk sac will diminish in size and the whole gut will adopt the shape of a simple tube 
and develop further to become a mature gut. At around the sixth week of the human 
embryonic development, the gut develop rapidly by the proliferation of the 
endodermal cells and the final step for this process is the recanalization at the early 
fetal periods. The whole gastrointestinal tract, as mentioned before, can be divided 
into three portions which are the foregut, midgut and hindgut on the basis of the 
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arterial blood supplies. The foregut supplied by celiac artery, the midgut by superior 
mesenteric artery and the hindgut by inferior mesenteric artery (McLachlan, 1994). 
The foregut includes the area from the pharynx to the duodenum and with the 
bile duct as the positional marker for the caudal end of the foregut. The stomach 
develops at around day 28 after fertilization. It is first appears as a dilatation of the 
gut tube. At around day 35, this dilatation becomes asymmetric and with a greater 
degree of curvature on the dorsal side of the dilating gut tube. The newly formed 
stomach then shifts to lie transversely across the abdominal cavity by rotating about 
its longitudinal axis, turning through 90° clockwise with a thinning of the dorsal 
mesentery at around day 40. After the innervations by the vagus nerve, the stomach 
shifts to lie more transversely across the abdominal cavity. Owing to the rotation of 
the stomach, the duodenum is swung to the right and pressing against the dorsal side 
of the peritoneal cavity. The midgut includes the area between the bile duct and the 
distal one third of the transverse colon and is found to extend into the chorionic cavity. 
This midgut loop is divided into two portions which are the cranial and cadual limbs 
and is rotated 90° counterclockwise to move the cranial limb to the right and the 
caudal limb to the left. The cranial and caudal limbs are then further differentiate 
with the cranial limb elongated and coiled up to become the jejunoileal mass which 
will later become the small intestine. The caudal limb does not undergo as much 
elongation as the cranial limb and develops to become caecum and the proximal two 
third of the transverse colon. The hindgut includes the region between the distal one 
third of the transverse colon and the cloaca which is the caudal expansion of the 
hindgut (McLachlan, 1994). 
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One of the functions of the gut is to facilitate the passage of the ingested food 
from the buccal cavity to the anus by its peristaltic activities. The gut also participates 
in the absorption of the ingested food through the stomach and the small intestine. 
Therefore, a proper control of the movement, secretion and blood flow of the 
gastrointestinal tract is of great importance for its functions. These activities (i.e. 
movement, secretion and blood flow of the Gastrointestinal tract) are the result of 
proper functioning of the enteric nervous system. 
The enteric nervous system is made up of an extrinsic and an intrinsic 
component. The extrinsic component of the enteric nervous system consists of a 
parasympathetic and a sympathetic division. The parasympathetic innervation derives 
from the vagal nerve and is able to enhance the peristaltic activity while the 
sympathetic innervation derives from splanchnic nerves and has a general suppressive 
action on peristaltic activities. 
The intrinsic innervation of the gastrointestinal tract is composed of two 
interconnected ganglionated plexuses, the myenteric and submucosal plexuses. The 
myenteric plexuses are situated between the circular and longitudinal muscle layers of 
the gut and the submucosal plexuses are in the submucosa, on the luminal side of the 
circular muscle. In the small intestine of both birds and mammals, the neuron 
precursors aggregrate first at the site of the myenteric plexus while the submucous 
plexus develops later. In the bird large intestine, however, the submucosal region is 
colonised by neuron precursors before the myenteric region (Burns and Le Douarin, 
1998). Inside these ganglia are the cell bodies of the neurons that make up the circuits 
of the intrinsic enteric nervous system. The ganglia, together with the 
Chapter one: Introduction 
interganglionic connections, form a system that integrates and processes information 
like the brain and the spinal cord. This system is an independent integrative system, 
with information processing, reflex circuits and a library of motor programs placed in 
the wall of the bowel without the input from the brain or the spinal cord. The enteric 
nervous system, therefore, is also called the'brain in the gut'. 
The neurons and the supporting glial cells of the intrinsic enteric nervous 
system are mainly originated from the neural crest cells. The neural crest cells are 
derived from the dorsal midline of the neural tube as mentioned previously. The 
evidence that the enteric nervous system is originated from the neural crest cells 
comes initially from the in-ovo microsurgical ablations of the neural crest and the 
immediately adjacent neural tube of chicken embryos (Yntema and Hammond, 1954). 
The development of the enteric nervous system in neural crest-ablated embryos was 
found to be failed. Moreover, when the neural fold of Xenopus was used to transplant 
between two related species, the cells of the fold-donors' species were found to 
develop inside the enteric nervous system of the host embryos (Epperlein et al, 1990). 
Since the neural crest cells are the source of precursors of the intrinsic enteric 
nervous system, the migration behaviour and the development of the neural crest cells 
after they have reached their destination inside the gut play a significant role in the 
formation of the enteric nervous system. The migration behaviour and the 
development can depend on the microenvironment of the gut or the intrinsic 
properties of the neural crest cells. The signalling molecules of the microenvironment 
are one of the components that involve in the development of the enteric nervous. 
These signalling molecules are produced by non-neuronal cells of the bowel and act 
8 
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on receptors that the crest-derived cells express (Gershon, 1998). One of the 
examples of these signalling molecules is the member that belongs to the GDNF 
family. Glial cell derived neurotrophic factor (GDNF) is the first member that is 
discovered in this family (Chalazonitis et al, 1998 ； Hearn et al, 1998). The targeting 
proteins of GDNF are GFRa 1 (Enomoto et al., 1998) or the transducing receptor Ret 
(Schuchardt et al., 1994). The second member of the GDNP family is neurturin. The 
binding receptor for neurturin is GFRa 2 (Rossi et al, 1999) which acts via the Ret 
receptor. Endothelin (ET)-3 and its receptor ETB are another ligand/receptor 
combination with an important role in the development of the enteric nervous system. 
The ET-3/ETB combination exerts an inhibitory effect on enteric neuronal 
differentiation (Hearn et al, 1998; WU et al, 1999). Through the activation of ETB 
receptor by ET-3, the development of smooth muscle is promoted and this effect will 
down-regulate the secretion of a promoter for the formation of neuron, laminin-1. 
Moreover, the vitamin A analogue, retinoic acid, is also found to have effect on the 
migration of the neural crest cells. The migration pattern of cranial neural crest cells 
is found to be altered by the retinoic acid. The destinations of part of the cranial 
neural crest cells are the first branchial arch and the trigeminal ganglion. Lee and 
colleagues (1995) found that the cranial neural crest cells of the rat embryos after 
retinoic acid treatment are ectopically distributed in the second branchial arches and 
acousticofacial ganglion in addition to areas of the first branchial arch and the 
trigeminal ganglion. Besides, ear malformations in monkey fetuses during 
embryogenesis (Wei et al., 1999) and embryonic cardiovascular malformations in rats 
(Li et al., 2001) are found following the treatment of the retinoic acid. The 
development of these structures depends on the contributions of the neural crest cells. 
— 9 
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Therefore, retinoic acid is one of the factors that affect the normal migration 
behaviour of the neural crest cells. 
Apart from these environmental factors that affect the migratory behaviours of 
the neural crest cells, the intrinsic properties of the crest cells themselves are also one 
of the factors that determine the fate of the crest cells. The neural crest contains 
multipotent progenitors. Recent studies have found that the neural crest cells 
committed to a particular fate either prior to, or shortly after emigrating from the 
neural tube. Through the study of grafting experiments, vagal neural crest cells are 
proved to be pre-specified to colonize the gut (Young and Newgreen，2001). The 
"adrenomedullary" neural crest cells which are located between the somite level 18 to 
24 in chick embryos are proved by Le Douarin and Teillet (1974) that they will not 
penetrate the dorsal mesentery, and hence do not give rise to enteric neurons. 
However, by grafting the quail vagal neural crest cells to replace the host chick at the 
adrenomedullary level, quail cells were found within the gut of the host, mainly in the 
post-umbilical small intestine (Le Douarin and Teillet, 1974; Smith et al., 1977). 
Hence, the vagal neural crest cells have the intrinsic property of colonizing the gut 
and participating in the development of the enteric nervous system. 
10 
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1,2 Abnormalities associated with the vagal neural crest cells 
The vagal neural crest cells participate in the development of various kinds of 
organs and tissues. Removal of the cardiac neural crest (i.e. part of the premigratory 
vagal neural crest cells) is found to affect the development of most the structures in 
the branchial arches. For example, the thymus, parathyroid and thyroid gland, all of 
which obtain their stroma from the neural crest cells, are affected (Bockman and 
Kirby，1984). Besides, the absence or mal-development of neural crest cells can 
result in the skin hypopigmentation, heart defects and aganglionosis in the enteric 
nervous system (Copp, 1997). Ablation of the cardiac neural crest cells results in a 
variety of malformations of the heart and the great vessels (Kirby et al., 1985; Besson 
et al., 1986; Nishibatake et al., 1987). Moreover, as mentioned previously, the vagal 
neural crest cells contribute greatly to the development of the enteric nervous system 
(Rothman et al, 1993). Defects of the vagal crest cells will no doubt result in the 
malformation of the enteric nervous system. Hirschsprung's disease is a defect of the 
enteric nervous system. 
1.2.1 Historical Review of the Hirschsprung，s disease 
The first description of Hirschsprung's disease was given by a German 
medical doctor, H. Hirschsprung, in 1886. It was first described as a congenital 
malformation of the colon which shows massive colonic hypertrophy and dilatation. 
After the first description of Hirshsprung's disease, the information of it was mainly 
acquired from both surgical and medical treatments of patients with the disease. 
In 1940 to 1946, other investigators proposed that the disease was caused by 
imbalanced autonomic innervation. It was, at that time, confused that aganglionosis 
n 
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was solely a secondary change caused by dilatation and stasis of the colon and not 
involved in the primary diseases. Moreover, the origin and the location of the disease 
were unknown. In 1948, through surgical treatment of the patients and barium enema, 
Swenson and his colleague reported that the narrow distal segment of the intestine 
was the cause of Hirschsprung's disease. In the same year, through the observation 
on the death newborns with clinical intestinal obstruction, it was found that all of the 
patients had aganglionosis at the distal segment of the intestine. 
Now, the understanding of Hirschsprung's disease mainly comes from 
molecular studies demonstrating mutations at several loci from both familial and 
sporadic Hirschsprung's patients. Moreover, with the use of spontaneous by 
occurring mutant mice, like the lethal spotting mice and the DOM mice, and other 
animal models as well as the increasing knowledge in the pathophysiology of 
intestinal neurotransitters assist the studies of the Hirschsprung's disease. 
7.2.2 Clinical Generalities of Hirschsprung Disease 
The incidence of Hirschsprung's disease is estimated to be approximately 1 in 
5000 live births and 80 - 90% of the incidents are sporadic cases. This is a common 
cause of intestinal obstruction in the newborn. This obstruction is caused by the 
absence of ganglionic cells in the distal bowel and extends proximally for varying 
distances. According to the length of the diseased intestine, the disease is roughly 
divided into two types: short segment aganglionosis with the diseased intestine 
limited to the rectum up to the sigmoid colon, and long segment aganglionosis with 
the diseased intestine extending more proximally from the sigmoid colon. The 
aganglionosis is confined to rectosigmoid in 75% of patients, sigmoid, splenic flexure 
— 
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or transverse colon in 17% and total colon along with a short segment of terminal 
ileum in 8%. The total absence of ganglionic cells from duodenum to the rectum is 
the most rare form of the disease. Therefore, in most of the cases, the disease belongs 
to short segment aganglionosis (Holschneider and Puri, 2000). 
The majority of patients with Hirschsprung's disease are born at term and are 
of normal birth weight. Clinical symptoms of Hirschsprung's disease, however, are 
usually diagnosed during the neonatal period. Delayed passage of meconium is the 
cardinal symptom in neonates with the disease. Over 90% of patients fail to pass 
meconium in the first 24 hours of life. The usual presentation of Hirschsprung's 
disease in the neonatal period is constipation, abdominal distension and vomiting 
during the first few days of life. About one third of the babies with Hirschsprung's 
disease are presented with diarrhoea. Diarrhoea in Hirschsprung's disease is always a 
symptom of enterocolitis, which remains the commonest cause of morbidity and 
mortality in this disease. Nevertheless, enterocolitis is rarely found in adults. The 
toxic megacolon is characterized by the sudden onset of marked abdominal distension, 
bile-stained vomiting, fever and signs of dehydration and shock. Rectal examination 
results in the explosive expulsion of gas and foul-smelling stools (Holschneider and 
Puri, 2000). 
Certain associated abnormalities are also recognized in the patient with 
Hirschsprung's disease. Eye abnormalities and pigmentation abnormalities, such as, 
anophthalmia, white forelock and eyebrows and heterochromia irides are the 
commonest abnormalities that are associated with the disease. Moreover, cardiac 
abnormalities like septal defects or patent ductus arteriosus are also found to associate 
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with Hirschsprung's disease. Besides these malformations, chromosomal anomalies 
are also involved, for example, Multiple Edocine Neoplasia type 2，Waardenburg 
syndrome and Smith Lemli-Opitz syndrome. The treatment of the disease is usually 
by surgical removal of the defective portion of the gut. Since enterocolitis is a 
common complication associated with Hirschsprung's disease, correction of 
dehydration and electrolyte imbalance by infusion of appropriate fluids is required for 
patients with this complication before the commence of the laparotomy (Holschneider 
and Puri, 2000). 
1.2.3 The Genetics of Hirschsprung，s Disease 
The high proportion of sporadic cases, the variable expressivity, that is, 
different extents of the aganglionic tract among related patients, and the incomplete, 
sex dependent penetrance suggest that more than one gene are involved in the 
pathogenesis of Hirschsprung's disease. 
One of the systems that are involved is the RET/GDNF system. Short- and 
long-segment forms of Hirschsprung's disease have been localized to defects in 
chromosome lOqll.2 which is the location of the RET gene. The RET gene encodes 
a putative cell surface tyrosine kinase receptor and the RET protein is found to 
express in the migratory, post-migratory neural crest cells and enteric nervous system 
(Pachnis et al, 1993). The mutation that causes Hirschsprung's disease is due to the 
premature appearance of the stop codon and a deletion in the kinase domain. The 
functional ligand for RET is glial cell line-derived neurotrophic factor (GDNF). This 
growth factor interacts with the RET receptor and promotes the survival of the 
midbrain dopaminergic neurons and motor neurons by specifically binding to a 
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glycosyl-phosphatidylinositol-linked cell surface protein, GDNFR-a. The resultant 
complex then initiates the autophosphorylation and other actions of RET. 
EDNRB/EDN-3 is another system that is associated with Hirschsprung's 
disease. The EDNRB gene codes for the endothelin-B receptor and is located at 
chromosome 13q22. Point mutation was found on the EDNRB gene. The ligand for 
EDNRB is endothelin 3 (EDN-3) which is a family of 21-amino acid diffusible 
peptides and acts through G-coupled receptor, EDNHB. On the EDN-3 gene, point 
mutation was also found, showing the same kind of phenotype as that found on the 
mutated EDNRB gene. This point mutation prevents the precursor EDN-3 protein 
from converting into the active form and thus results in the disease. 
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1.3 Recent studies in the development of the enteric nervous system 
1.3,1 Animal Models Used in Studying the Abnormal Development of the Enteric 
Nervous System 
Hirschsprung's disease is characterized by the abnormal dilatation of a 
segment of the colon owing to the lack of parasympathetic enteric ganglia. Mouse 
models that show similar phenotype are useful for the study of the disease when these 
Hirschsprung's disease models are compared with their normal counterpart. The 
lethal spotting (Is) and the piebald lethal ( s�mu t an t mice are the two mutants that 
have extensively been used for the study of the disease. They are autosomal recessive, 
and the endothelin 3 (Edn3) gene and the endothelin receptor beta (Ednrb) gene were 
found to mutate in the lethal spotting and the piebald lethal phenotype respectively 
(Puliti, 1996). Through in vitro experiments, abnormal components of the basal 
laminae at the terminal portion of the colon of the Is mice were found. Payette and 
colleagues (1988) found that there is an overproduction of the laminin, collagen type 
IV and proteoglycans in the aganglionic segment of adult Is/ls mice. On the other 
hand, by using transgenic mice that expressed a reporter gene and aggregation 
chimaeras, the cause of the phenotype of lethal spotting mice was also found not to be 
neuroblast autonomous. Through the comparison of the distributions of Is/ls and 
wild-type neurons in Is/ls ^ wild-type chimeras with DpH-nlacZ as the marker, the 
primary defect in Is/ls embryos was found to lie in the non-neuroblastic mesenchyme 
of the large intestine. The transgene DpH-nlacZ was the marker for distinguishing the 
Is/ls enteric neurons from the wild-type neurons in the chimeras. It was found that, in 
the chimeric mice, colonization of the terminal hindgut by both Is/ls and wild-type 
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neuroblasts occurred even in animals where mutant cells predominated. This 
indicates that Is/ls neuroblasts were capable of colonizing the distal large intestine 
provided with the presence of some wild-type cells (around 20%) (Kapur et al., 1993). 
Apart from the spontaneously arisen mutant models, knock-out mice that 
mimic the human Hirschsprung's disease are also employed. For instance the RET 
gene knock-out mice help to find out the functions of the RET gene, which is the 
affected gene found in the patients with Hirschsprung's disease. 
Another spontaneous mouse mutant is the Dominant megacolon (Dom), the 
mutation of this DOM mouse is autosomal semi-dominant in nature. It was first 
found in June of 1979 (Lane and Liu, 1984) in the Mouse Mutant Stock Center of the 
Jackson Laboratory at Bar Harbor of Maine in USA. The Dominant megacolon mice 
are now widely used in the investigations of Hirschsprung's disease. The Dom locus 
has been genetically mapped with high resolution using several intra- and 
interspecific mouse crosses and specific DNA micro satellites. This makes the 
genotyping of the mouse embryos that carry the Dom mutation become possible. 
Genotyping of the Dom embryos can easily be achieved by performing the PCR-
based genotype analysis. 
The hybrid background of Dom mice is C57BL/6JLe x C3HheB:FeJLe-a/a 
and is also referred to as B6C3-a/a (Lane and Liu, 1984). The mutation was found in 
the C57BL/6J allele. The heterozygote Dom/+ is recognized by the presence of white 
spots on the belly and feet, and also a deficiency of enteric ganglia similar to the 
phenotype that is found in piebald and lethal spotting mutants, while a majority of the 
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Dom/Dom homozygotes are lethal prior to 13 days of gestation. Through linkage 
analysis, mutation are found on chromosome 15 of Dom mouse (Southard-Smith et al., 
1998). DNA microsatellite sequences like D15Mit68, D15Mit2 and D15Mit71 are 
found near or within the Dom critical region inside which several genes are found. 
SoxlO is one of the genes that found within the Dom critical region and it is 
found to be the affected gene for the disease since premature termination of the SoxlO 
protein synthesis are found in neural crest derivatives of the Dom mutant and the 
expression of SoxlO was also disrupted in the mutant (Southard-Smith et al., 1998). 
Within the Dom critical region, the SoxlO gene is cosegregated with the 
miocrosatellite sequence D15Mit71 and is found to express in the early neural crest 
cells and in glial lineages of the peripheral and central nervous systems both during 
development and in the adult (Peirano and Wegner, 2000). SoxlO belongs to the 
group E protein of the large Sox family that is characterized by a DNA binding 
domain resembling the high-mobility group (HMG)-domain of mammalian sex 
determining gene SRY. This domain has strong DNA-bending capacity and thus 
functions as an architectural protein to shape the conformation of the multiprotein-
DNA complex on promoters and enhancers. In fact, SoxlO protein is a transcription 
factor for the gene myelin Protein zero (Po), which is a member of the myelin gene 
and codes for the myelin glycoproteins which are the structural proteins of the myelin 
sheath in the peripheral nervous system (Peirano et al., 2000). The SoxlO protein 
targeting Po through two different types of DNA response element. One type is 
through the binding of the monomers and the second depends on the binding of two 
molecules as a dimmer. Dimerization of SoxlO depends on the presence of two 
heptameric Sox binding sites on the protein with specific orientation and spacing. 
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The dimerized SoxlO shows different affinity and DNA-bending capacity when 
compared with the SoxlO monomer (Peirano and Wegner, 2000). 
Phox2b'^' mouse is another rodent model for the abnormal development of the 
enteric nervous system. Phox2b is a homeodomain-containing transcription factor 
with limited expression in a subset of neuron precursor. In vagal and truncal neural 
crest cells, Phoxlb expression is found when they invade the foregut mesenchyme 
and continue in the adult submucosal and myenteric plexus (Pattyn et al., 1997; 
Young et al., 1998). In the homozygous Phox2b mutated mouse embryos, it is found 
that the neural crest cells arrive at the foregut but fail to migrate further. Moreover, 
the foregut neural crest cells undergo apoptosis after colonization. This results in a 
complete aganglionosis of the entire gut of the mouse (Pattyn et al., 1999). 
Megacolon also occurs in neonatal and adult transgenic mice that overexpress 
the Hoxa-4 gene which is another homeobox transcription factor. The phenotype 
varies between the different transgenic lines in its time of onset and severity. Mice in 
the most severely affected line die with intestinal obstruction by postnatal day 10. 
Mice in the least severely affected line develop megacolon only rarely. The intestine 
of one of the intermediate lines, in which all individuals develop megacolon but are 
still able to bred, is studied in detail. Abnormalities in gut development are first noted 
at the time when vagal neural crest cells are normally completing colonization of the 
hindgut. At this time, the mucosa and the mesenchyme of the terminal colon are 
significantly enlarged in Hoxa-4 transgenic mice. Neuron differentiation is advanced, 
but these neurons do not form myenteric plexus. Hoxa-4 is normally expressed in the 
mouse gut mesoderm from the foregut to the small intestine (Wolgemuth et al, 1986; 
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Toth et al., 1987; Behringer et al, 1993). Several lines of transgenic mice have been 
found to carry multiple copies of the hoxa-4 gene under the control of its native 
promoter. These transgenic mice over express hoxa-4 and also show some ectopic 
expression is expressed in the mesenchyme throughout the bowel (Wolgemuth et al., 
1989). 
1.3.2 Labelling of neural crest cells 
One of the characteristics of neural crest cells is their ability of migration to 
various destinations. In order to investigate the migratory behaviour and 
differentiation of the neural crest cells, the cells must be distinguished from the matrix 
on which the cells migrated since the neural crest cells are morphologically and 
histologically similar to the surrounding mesodermal tissues after they have left the 
neuroepithelium. Methods that help to label the neural crest cells, therefore, are 
required and must meet two criteria to facilitate the study of the subsequent stages of 
neural crest cell migration and differentiation. The first criterion is the accessibility of 
injection of the embryo during organogenesis, the subsequent growth and 
development of the embryo following injection must be able to proceed normally. 
The second criterion is the presence of a stable and easily detectable in situ cell 
marker to distinguish neural crest cells from the mesodermal cells. This in situ cell 
marker should be capable of passing to the mitotic descendents and are localized 
within the labelled cell without non-discriminative intercellular transfer (McLaren, 
1976). 
One of the experimental methods is to inject neural crest cells into the 
decidual swellings in utero and follow the migration of the injected cells that 
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eventually differentiate into melanocytes. The assumption of this method was a 
reasonable chance of successful injections into the conceptus (Jaenisch, 1985). 
However, this method has lots of disadvantages，one of which is the limitation of the 
application of this technique since it is only applicable to the study of a single neural 
crest derivative, the melanocyte. Moreover, the low success rate (approximately 15%) 
of the method together with the invisibility of the injection site are also the 
disadvantages of this method. 
Application of monoclonal antibody and genetic markers are other choices for 
the study of the neural crest cells. The chosen molecules must able to detect 
substances that belong to the neural crest cells，such as, the monoclonal antibody 
against cellular antigens or genetic markers. NHK-1 is an example of such 
monoclonal antibodie. The antigen of NHK-1 is present in the neural crest cells of 
many vertebrate embryos and has been used broadly in the study of the migration of 
neural crest cells in avians (Vincent and Thiery，1984; Bronner-Fraser, 1985; 
Rickmann et al, 1985; Loring and Erickson, 1987, Kuratani and Kirby, 1991). 
However, this marker is not a good choice for the present study on mice since this 
antibody is not specific to the mouse neural crest cells and can recognize other cells 
types with adhesion molecules on their surface. Other antigens like Phox2b, 
and RET are also found to express in the neural crest cells and their corresponding 
antibodies have been used to mark the neural crest cells in the study of the 
development of enteric neurons in the embryonic mouse gut (Young et al, 1999). 
PaxS is another molecule that is found in the neural crest cells. Conway and 
colleagues (1997) have demonstrated that the expression of PaxS can serve as a 
genetic marker for cardiac neural crest cells in the mouse embryo. However, Pax-3 is 
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expressed in the cardiac neural crest cells only at 10.5 days of gestation and therefore, 
this make Pax-3 not a good marker for the investigation, since the results cannot 
reveal the entire migration pathway of the cardiac neural crest cells. 
Apart from the injection of neural crest cells into the decidual swellings in 
utero or the use of monoclonal antibody and genetic markers, exogenous markers 
which are large molecules, unable to pass through intercellular gap junction, easily 
uptaken by cells and stored in cytoplasmic organelles, have been used extensively in 
tissue transplantation experiments (Tan and Morriss-Kay, 1986; Chan and Tarn, 1988) 
and in situ labelling experiments (Chan and Tarn, 1988，Serbedzija et al.，1992). 
Some of the examples of these exogenous markers are horseradish peroxidase 
(Weisblat et al., 1978), fluorescein/ rhodamine isothiocyanate (Butcher et al., 1980), 
fluorescein-lysine-dextran (Gimlich and Cooke, 1983), and carboxyfluorescein 
diacetate succinyl ester (Bronner-Fraser, 1985). Although these markers can be 
uptaken and stored inside the organelles, some of them are still difficult to be applied 
since some markers have the disadvantages of being easily bleached when they are 
exposed to light. 
Chan and Tarn (1988) have demonstrated the use of a group of proteins called 
lectins to mark and trace the migration pathway of cranial neural crest cells. Wheat 
germ agglutinin (WGA, relative molecular mass 35,000) which is derived from 
Triticum vulgaris (Sharon and Lis, 1972; Goldstein et al, 1978) is one of the examples 
of lectins. WGA binds specifically to the A^-acetyl glucosamine residues present on 
the cell surface (Nagata and Burger, 1974) and it enters the cytoplasm through 
absorptive endocytosis of the cell (Gonatas et al., 1980). The WGA inside the cell is 
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then revealed by a second marker which could be an enzyme (e.g. horseradish 
peroxidase), a fluorochrome or a radioisotope (Trojanowski, 1983), or a metal like 
gold or ferritin. It can also be visualized by immunohistochemical methods by using 
antiserum directly against WGA (Sofroniew，1983). In the present study, the dye that 
was actually used to inject into the embryo was WGA-Au which is regarded as a safe 
marker for studying the neural crest cells in terms of toxicity. WGA-Au was found to 
have no toxicity problems when used at appropriate concentrations (Kleinschuster and 
Moscona, 1972; Harper et al, 1980; Gonatas and Gonatas, 1983; Trojanowski and 
Gonatas, 1983). In the experiment where two separate populations of labelled neural 
crest cells，one labelled with WGA and the other labelled with thymidine, no transfer 
of markers from one population into the other was found even after two populations 
were mixed together, indicating that WGA-Au is not easily transferred to the 
neighbouring cells. Besides WGA-Au will not recycle to the plasma membrane even 
though the accompanying receptors may be resurfaced (Gonatas et al., 1984; Trainor 
and Tarn, 1995; Tan and Morriss-Kay, 1986). Moreover, immunoelectron 
microscopic study shows that WGA-Au is endocytosed as membrane-bound vesicles, 
tubules and endosomes in the cytoplasm and juxtanuclear areas (Tan and Morriss-Kay, 
1986; Chan et al, 1992). Similar observations were made when WGA or WGA-HRP 
was used on cultured cells and neurons of the adult nervous system (Harper et al., 
1980; Gonatas et al, 1984; Broadwell and Balin, 1985). 
Dil (1,1 -dioctadecyl-3,3,3,3 -tetramethy lindo-carbocyanine perchlorate), a 
fluorescent carbocyanine dye with lipid-soluble and hydrophobic properties, 
incorporates nearly irreversibly into the plasma membrane of all cells it contacts 
(Sims et al., 1974). Di-I is also an exogenous cell marker commonly employed in the 
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analysis of neural crest cells. It is similar to WGA-Au in that it does not spread from 
one labelled cell to another. Di-I also shows no adverse effects on the survival of the 
labelled cells (Honig and Hume, 1986) or influences on the normal behaviours of the 
neural crest cells in situ (Honig and Hume, 1986; Serbedzija et al., 1989). Therefore, 
it can be used for labelling cells for a relatively long period of time. Moreover, with 
the advantage of the high intensity of Di-I fluorescence, the risk of dilution of the dye 
upon cell division can be minimized, thus extending the length of the observation 
period. 
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L 4 Objectives of the Present Study 
Hirschsprung's disease is resulted from the aganglionosis in the ileo-caecal 
region of the gut with variable lengths depending on the expressivity of the mutated 
gene SoxlO. As mentioned previously, the mutant Dom mice show similar phenotype 
of the defect that is found in patients with Hirschsprung's disease in which SoxlO 
gene was also mutated. Recent studies of this mutant put emphasis mainly on the 
molecular analysis of the mutated gene, for example, the location and the molecular 
structure of the SoxlO gene. The location of the SoxlO gene was found to be on 
Chromosome 15 of the Dom mice (Lane and Liu, 1984), and the nearby micro satellite 
sequences were identified and used as markers for genotyping of the Dom embryos 
(Puliti et al, 1996). Besides, the presence of a framshift mutation in the SoxlO 
coding region and the expression of the gene in the gut and in neural crest derived 
structures of cranial ganglia of Dom mice (Herbarth et al, 1998) have also been found. 
Moreover, it is found that SoxlO is a transcription factor and its targeted gene has 
been found also. Protein zero gene (Po), is the target gene for SoxlO and is found to 
code for a structural protein of the myeline sheath called protein zero (Po). Peirano 
and colleagues (2000) found that the Po gene was regulated by SoxlO. 
Although, a lot of information has been found in the past two decades through 
the use of Dom mice, reports on the migratory profile of the neural crest cells in the 
Dom mutant are still rare and not detailed. The information on the neural crest 
migration was mainly obtained from neural crest transplantation and ablation 
experiments conducted in avian embryos. The results obtained from these 
experiments indicate that vagal neural crest cells play a significant role in the 
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development of the enteric nervous system. This project aims at firstly finding out the 
migratory pathways of the vagal neural crest cells in normal ICR mouse embryos (to 
be described in chapter 2) and secondly comparing the differences in the migration of 
the neural crest cells between the normal and Dom mouse embryos (to be described in 
chapter 3). Experimental methods including whole embryo culture, exogenous dye 
labelling and polymerase chain reaction (PGR) were employed in order to achieve 
these goals. The migration of the vagal neural crest cells was analysed at different 
developmental stages, which include the stage at which the vagal neural crest cells 
just started to migrate out of the neural tube，the stage at which the neural crest cells 
were migrating the mesenchyme and the stage at which the neural crest cells arrived 
at the bowel. Exogenous markers like wheat germ agglutinin gold conjugates (WGA-
Au) and fluorescent dye Dil were used to label the vagal neural crest cells followed 
by culture of the embryos in a whole embryo culture system. The genotypes of the 
Dom embryos were identified by the microsatellite sequences located near the SoxlO 
gene using PCR. 
Chapter two: Migration of Neural Crest Cells in Normal ICR 
and DOM mutant mouse Embryos  
Chapter 2 Migration of Neural Crest Cells in Normal 
ICR and DOM mutant mouse Embryos 
2.1 Introduction 
The neural crest cells are originated from the dorsal region of the neural tube. 
The vagal neural crest cells are derived from the vagal region of the neural tube which 
is located at the axial level between somites 1 to 7 (Epstein et al., 1994). In chick 
embryos, after the neural crest cells leave the origin, they migrate to the mesenchyme 
to form ectomesenchymal cells and give rise to different types of derivatives of the 
embryo. The enteric nervous system consists of the neuron and glia located within the 
wall of the gut. These ganglia are essential for controlling the gut motility and for 
modulating ion transport across the mucosa (Furness and Costa, 1987; Gershon, 1990). 
They arise mainly from the vagal neural crest cells. Through ablation experiment on 
avian embryos by Yntema and Hammond (1954), it was found that enteric ganglia 
were absent from the oesophagus, stomach and small and large intestine when the 
neural crest was removed from a region commencing from a distance of 4 somites 
width rostral to the first somite to the level of the somite. Similar result was 
found in mouse embryos. Durbec and colleague (1996) reported that mouse neural 
crest cells migrated from the region adjacent to somites 1 to 4 gave rise to enteric 
neurons throughout the gut and the neural crest cells adjacent to somite 6 to 7 gave 
rise to a sub-population of neurons in the foregut. The vagal neural crest cells were 
also found in locations other than the gut. Neural crest cells originated from the 
region between the somite 1 and somite 3 were found inside pharyngeal arches 3, 4, 
and 6 and contributed to the development of ectomesenchymal sheath surrounding the 
aortic arch artery. This sheath gives rise to the smooth muscle in the tunica media of 
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the major arteries and the outflow tract of the heart. The vagal neural crest at this 
level also involved in the formation of the connective tissue for the glands developed 
around the arches and the development of the cardiac ganglion (Le Lievre and Le 
Douarin, 1975; Kirby and Stewart, 1983; Kirby，1989; Abdulla et al., 1993). The 
vagal neural crest cells also contribute to the development of the skeletal and 
connective tissues of the face and participate in the formation of cranial ganglion and 
melanocytes (Le Douarin, 1982; Noden, 1988;Noden, 1993). 
In chick embryos, it was found that neural crest cells derived from the levels 
of somite 3 to 6 are mostly located in the midgut and hindgut. By using spleen 
necrosis virus vector containing marker gene lacZ and NHK-1 immunostaining to 
mark the avian neural crest cells, it was found that the region of the neuroaxis 
between somites 3 to 6 is the major source of neural crest cells to the gut since 
injection of the marker gene to somite 3, 4, 5, and 6 resulted in the largest number of 
lac-Z positve cells in the gut (Epstein et al, 1994). Most of the neural crest cells 
located at the anterior part of the vagal neural crest region were found to migrate in a 
dorsolateral pathway above the somite into the lateral body wall before occupying the 
pharyngeal arches. For vagal neural crest cells posterior to somite 3, the crest cells 
appeared to follow a ventrolateral pathway through the somite to the gut (Kuratani 
and Kirby, 1991). After the neural crest cells have reached the gut, they were found 
to migrate along the gut mesenchyme in a rostral-to-caudal direction. By using 
explants grown under the kidney capsule and looking at the expression of RET, 
Phox2b and p75 immunoreactivities in the neural crest cells, Young and colleague 
(1998) found that at different developmental stages of the mouse and rat embryos, 
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positive cells were found at different regions of the gut in a single rostrocaudal 
sequence along the gastrointestinal tract. 
Although a rough migration direction of the vagal neural crest cells has been 
reported was as mentioned above, a detailed description of the migration pathway in 
mammals or mice at different developmental stages has not yet been done. In this 
chapter, the migration profile of the vagal neural crest cells will be shown in detail, 
which included the initial stage of neural crest cells migration from the neural tube, 
the migration of vagal neural crest cells at different developmental stages and the 
number of neural crest cells located in different regions of the normal ICR embryos. 
The results collected will be used to compare with those found in Dominant 
megacolon mice. The embryo under examination was divided into three parts for 
analysis which included 1.) somite level 1 to 4, 2.) somite level 5 to 7 and 3.) somite 
level 8 to 9. The migration pathway of neural crest cells from that at somite level 1 to 
4 was investigated separately, because colleagues in our laboratory have found out 
that vagal neural crest cells at this level also contributed to the cardiac development. 
Vagal neural crest cells migrated from the somite level 5 to 7 have been reported to 
contribute most extensively to the enteric nervous system, so they were also 
investigated separately from the crest cells that originated from the somite level 8 to 9. 
Neural crest cells from the somite level 8 to 9 were also examined, in order to find out 
the contribution of neural crest cells that were located outside the vagal region to the 
development of the enteric nervous system. 
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The initial stage of migration and the migration pathway for vagal neural crest 
cells were investigated and used to compare with the Dominant megacolon mice, 
since the late onset of the migration or the late arrival of vagal neural crest cells at any 
points in the intestine of the dominant megacolon mice can jeopardize the ability of 
the cells to fully populate the gut. Newgreen and colleagues (1996) using whole-
mount immunofluorescence with HNK-1 marker, chorioallantoic membrane grafting 
and morphometry found that in the caudal colorectum the rapid growth of the gut had 
commenced at the time of arrival of the vagal neural crest cells in avian embryos. 
Therefore, if the migration of the neural crest cells was delayed in the Dom embryos, 
they may not be able to reach the caudal part of the gut. 
In order to determine the initial stage of neural crest cell migration from the 
neural tube, an exogenous cell marker, wheat germ agglutinin gold conjugates (WGA-
Au) and an in vitro whole embryo system were employed. Exogenous marker was 
required for the investigation of the initial migration since the initial stage of 
migration for the neural crest cells in the mouse cannot be implicated simply by 
observing the closure of the neural tube (Chan and Tarn, 1988). It is due to the 
reason that the initial migration of rodent neural crest cells from the neural tube is not 
related to the closure of the neural tube. This finding is different from those found in 
avians. In avians, the cranial and trunk neural crest cells begin their migration shortly 
after the formation of a complete neural tube, i.e. after the fusion of the two neural 
folds (Tosney, 1982; Erickson and Weston, 1983; Sternberg and Kimber, 1986). 
Moreover, their neural tube is formed in a cranio-caudal sequence, i.e. a closed neural 
tube is formed first in the cranial region and then the closure of the neural tube 
progresses gradually to more caudal regions of the embryo. In mice, however, the 
30 
Chapter two: Migration of Neural Crest Cells in Normal ICR 
and DOM mutant mouse Embryos  
cranial neural crest cells are formed at the mesencephalic level when the neural plate 
is still widely opened (Nichols, 1981, 1986; Tan and Morriss-Kay, 1986; Chan and 
Tarn, 1988). Hence, in mouse and rat embryos the stages for the migration cannot be 
implicated simply by the closure of the neural tube. 
For investigating the initial stage of migration, neural crest cells were first 
labelled with WGA-Au before the in vitro culture of the embryos. The WGA-Au 
conjugate was chosen as the marker since it shows no toxic effect to the labelled cells 
and is satisfactory for the short-term culture. It can be endocytosed and retained by 
the cells and their mitotic descendants (Smits-van Prooije et al.，1986, 1987; Chan and 
Tarn, 1988; Chan and Lee, 1992; Trainor and Tarn, 1995). The labelled cells can be 
stained easily by the silver enhancement method and their distribution in the embryo 
can easily be followed with a light microscope after sectioning and staining (Chan and 
Tarn, 1988; Chan and Lee, 1992). The experimental approach used in the study was 
first to label the neural crest along the entire length of neural tube with WGA-Au. 
Then labelled embryos were cultured for a short period of time ( 3 - 6 hours) before 
they were sectioned and examined for the presence of labelled cells. For the 
investigation of the migration pathways of the neural crest cells, the embryos were 
labelled with an exogenous dye and then subjected to in vitro culture and harvested at 
different developmental stages of the embryo. Two types of dyes were employed for 
different length of culturing period. WGA-Au was used for culturing the embryos for 
not more than 24 hours. For embryos cultured over 24 hours up to 48 hours, Di-I was 
used instead of WGA-Au, since Di-I gave off a signal much stronger than WGA-Au. 
After in situ labelling and in vitro culturing, the embryos were subjected to sectioning. 
Embryos labelled by WGA-Au were stained with silver while Di-I labelled embryos 
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were observed under a fluorescent microscope after frozen sectioning. The migration 
pathways were reconstructed from serial sections at different time points. 
Apart from ICR mice, Dominant megacolon (Dom) mice which show a 
combined defect of intestinal aganglionosis and pigmentation on the belly and feet 
were chosen in this project as the animal model for investigating the pathogenesis of 
Hirschsprung's disease. The homozygous Dom embryos show no enteric nervous 
system in any region of the gastrointestinal tract (Herbarth et al., 1998; Southard-
Smith et al., 1998; Pattyn et al., 1999; Kapur, 1999)，while the length of the 
aganglionosis segment of the gut varies greatly within heterozygous embryos. 
In Dom mice, the gene encoding the Sry-related transcription factor SoxlO 
endothelin receptor (Ednrb) gene is found to be mutated. Both SoxlO gene shows a 
disrupted expression in the embryonic peripheral nervous system (Southard-Smith, 
1998). Although two mutated genes are found in Dom mice, the defect in the Dom 
mouse is mainly caused by mutation of SoxlO, the reason being as the following. In 
the Dom/Dom embryo, there is a total absence of enteric ganglia. However, in the 
EdnrbS-VEdnrbS-i homozygotes, the aganglionic segment is restricted only to the 
hindgut region, while the SoxlO°—Sox°om also show a total absence of enteric 
ganglia, implicating that Dom mice, the defects are mainly caused by SoxlO gene 
(Kapur et al., 1995; Kapur et al, 1996). As mentioned previously, SoxlO is a 
transcription factor and is an architectural component of the chromatin that governs 
cell fate during embryogenesis (Pevny and Lovell-Badge, 1997). Through the 
analysis of SoxlO, evidence for proving the relationship between SoxlO mutation and 
the phenotype of megacolon are found. These pieces of evidences are: (1) Presence of 
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a frame shift in the SoxlO coding region is found. By direct sequencing of the SoxlO 
transcript from Dom/+ mice, an A-to-T transversion at the position of the open 
reading frame was found and the transversion caused a substitution of glutamate by 
valine (Larin et al., 1991). (2) An altered expression of SoxlO is found in the gut of 
Dom mice and in the neural-crest derived structure, e.g. cranial ganglia, of the Dom 
mice. By observing the SoxlO transcripts levels in the enteric nervous system, a 
reduced expression of SoxlO transcripts in heterozygotes Dom mice is found while in 
homozygous Dom mice, even no expression of the SoxlO transcripts is observed 
(Herbarth et al., 1998). 
In humans SoxlO gene expression has also been found. The spatial and 
temporal expression of human SoxlO gene has been analyzed by the use of Northern 
blot and in situ hybridization. The expression of SoxlO mRNA was detected at 
different developmental stages of human. In fetuses, SoxlO mRNA was found to 
locate in the brain and, to a lesser extent, in lung and kidney. In adults, SoxlO was 
preferentially expressed in the brain, colon, small intestine and heart, and to a lesser 
extent, in the prostate, bladder, pancreas and stomach. Through the study of SoxlO 
expression by using in situ hybridization, the temporal expression was found 
(Boudurand et al., 1998). SoxlO gene was found to express in neural crest cells as in 
the rodent. At the 4thweek of development, SoxlO expression was detected between 
the neural tube and the somites of the human embryos which is the migration pathway 
of the neural crest cells (Bondurand et al., 1998). As the human development 
progresses, SoxlO was found to express in the central nervous system at 25 weeks 
with strong signals in the cerebral cortex. Moreover, SoxlO was also found to express 
in the peripheral nervous system including the enteric nervous system. SoxlO-
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positive cells were detected in the digestive tract, for example, the cranial foregut and 
the oesophagus, stomach and the putative enteric ganglia, which were absent from 
these areas during the first 6 weeks of the fetal development (Bondurand et al., 1998). 
Although the expression of human SoxlO gene and rodent SoxlO gene is similar to 
each other, there are differences in the expression of the gene. When compared with 
rodent, human SoxlO gene was found to express more widely. SoxlO gene transcripts 
were detected in human adult heart, prostate and testis but were not frequently found 
in rodent (Bondurand et al., 1998). Besides, mutated SoxlO gene has been found in 
human patients with Shah-Waardenburg syndrome type 4, which is a sub-type of the 
Shah-Waardenburg syndrome associated with the Hirschsprung's disease. The 
mutation on SoxlO results in an insufficiency of the SoxlO product and affects the 
developmental process which is sensitive to the exact level of SoxlO product. 
In chick embryos, SoxlO (cSoxlO) has also been found and is highly 
conserved with human and mouse SoxlO. The cSoxlO is expressed in migrating 
neural crest cells and lost as the cells undergo neuronal differentiation in ganglia of 
the peripheral nervous system. In addition, cSoxlO is found to express in the pineal 
gland (Cheng et al., 2000). 
Recently the target gene of SoxlO has been found, which is a myelin gene that 
codes for a protein called protein zero (Po) (Peirano et al, 2000). This gene 
exclusively expresses in the Schwann cell lineage of the peripheral nervous system. 
SoxlO protein acts as a transcription factor that binds to the targeted gene through its 
high-mobility group (HMG) DNA binding domain. 
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Other findings from the Dom mice have also been found. Kapur and 
colleagues (1996) found that the defective colonization of the neural crest cells is not 
an intrinsic property of the Dom/+ neural crest cells. They concluded that Dominant 
megacolon mutation directly or indirectly affected microenvironmental signals which 
in turn influenced the migration, proliferation, and survival of enteric neural crest 
cells. By observing the expression of the transgenic marker D(3H-nlacZ of Domy+ <-> 
+/+ chimeras, neither Dom/+ or +/+ ganglion cells were found in the distal large 
intestine. Besides, early death of neural crest cells was also found responsible for the 
total enteric aganglionosis in SoxlO(D°m)/SoxlO(D°m) mouse embryos. Through study 
by TUNEL labelling of apoptosis of the neural crest cells in SoxlO(D°m)/SoxlO(Dom) 
embryos, it was found that apoptosis was increased during early neural crest cell 
development before they entered the gut. Excessive cell death was found in mutant 
neural crest cells early in their migratory pathway (Kapur, 1999). 
Although lots of information for Dom mice and the SoxlO gene have been 
found, information on the migration profile of the vagal neural crest cells of the Dom 
mice is still scarce. In this chapter, therefore, the migration behaviors of the vagal 
neural crest cells was investigated and the result collected was compared with those 
found in normal ICR mice. 
The mutation of Dom mouse arose spontaneously in the Jackson laboratory in 
1979 (Lane and Liu, 1984) and maintained on a C57BL/6J x C3HeB/FeJLe- a/a 
genetic background. The Dom mutation is localized on the C57BL/6J (B) allele and 
the other allele C3HeB/FeJLe (H) is the normal counterpart of the mutated allele. 
Dom/+ mice with the genetic background C57BL/6JLe x C3HeB/FeJLe- a/a were 
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used in this study and were purchased from the Jackson laboratory. The purchased 
mice were then crossed to normal mice with the genetic background C57BL/6J x 
C3HeB/FeJLe- a/a in order to expand the population of the Domy+ mice. The 
resultant F1 progenies displaying a ventral belly spot and white tail were selected and 
subjected to polymerase chain reaction genotyping by using the DNA extract from the 
tail of the F1 progenies. The micro satellite sequences D15MIT71 located near the 
SoxlO mutation of the Dom mutant were used as the marker for genotyping. 
D15MIT71 was used as the marker for genotyping instead of SoxlO because only one 
base pair of mutation was found in the mutated SoxlO. Through sequence 
comparison of normal and mutated SoxlO cDNA, only one extra guanine residue was 
found in the mutated SoxlO gene (Southard-Smith et al., 1998). This point mutation 
resulted in a translation frameshift in the SoxlO open reading frame. D15MIT71 
generates a 14 base pairs polymorphism between the B allele C57BL/6J and the H 
allele C3HeB/FeJLe. B allele having 118 base pairs appeared as the lower band 
during electrophoresis analysis while the H allele having 132 base pairs appeared as 
the upper band during electrophoresis. Four types of F1 progenies were observed, 
with one of them having two B alleles of which only one contained the Dom mutation. 
The mouse with two B alleles showed only one lower band during electrophoresis 
analysis. Another type of F1 progenies contained two H alleles and had no Dom 
mutation with it. Hence, this type of F1 progenies showed one upper band during 
electrophoresis analysis. For the other two groups, both H and B alleles were present 
with one group having Dom mutation on it and the other group without mutation. 
These two groups of F1 progenies both showed double bands during electrophoresis 
analysis. Among the four types of F1 progenies, only those showing double bands, a 
ventral belly spot and a white tail were chosen to cross with each other. Embryos 
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from the crosses between these chosen F1 progenies were used for the present study. 
Dom mouse was chosen as the model for this study because the expressivity of the 
mutated SoxlO gene of it is similar to human. Since the mutation of Dom mice is 
semi-dominant in nature, a variable expressivity of the mutated gene was found and 
reflected in the size，the number of cutaneous spots and the density of ganglion cells 
in the distal intestinal tract. In most human congenital intestinal aganglionosis (i.e. 
Hirschsprung's disease) this kind of variable expressivity has also been found (Badner 
et al.，1990; Stannard et al., 1991; Romeo and McKusick, 1994). This kind of 
variable expressivity is different from the invariable expressivity that found in most 
other murine models, for example, ret -/-，sVs\ and Ms which are recessive in nature 
(Lane 1996; Schuchardt et al., 1994). Besides, in a sub-type of Hirschsprung's 
disease, the Waardenburg-Shah syndrome, which is a combination of the 
Waardenburg syndrome and Hirschsprung's disease, also shows a mutation of the 
SoxlO gene which is similar to that found in Dom mice. Moreover，Dom mice exhibit 
similar phenotype to that found in Waardenburg-Shah syndrome, showing extensive 
neural crest dysfunction. Hypopigmentation, megacolon and hearing impairment are 
seen in both species. Since Dom is a spontaneously occurring mutant with phenotype 
similar to that of Hirschsprung's patients, this makes Dom mice a better model than 
that of the RET knock-out mice though RET is also frequently found to be mutated in 
Hirschsprung's disease patient. Dom mice, in addition, are better than other 
spontaneously occurring mutants which also show similar phenotype to that of 
Hirschsprung's disease, for example the lethal spotting {Is) and piebald lethal {s^) 
since the mutations in these two mice (i.e. EDN3 and EDNRB mutation respectively) 
are less frequently found in human patient (Pingaul et. al. 1998). 
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In this chapter, the migration profile including the initial migration of the 
vagal neural crest cells and that at the upper trunk level, the distribution of the neural 
crest cells at different developmental stages and the number of neural crest cells at 
specific region of the Dom mouse embryos were found. The migration profiles at 
different developmental stages in all the three genotypes of Dom mice were found and 
compared. The three genotypes were the wild-type, heterozygous and homozygous 
mutants. The results collected were also compared with those found in the normal 
mouse and the strategies employed for investigations of the Dom mouse neural crest 
cells migratory profiles were similar to those used in chapter 2. Therefore, embryos 
were again labelled with an exogenous dye and cultured in a whole embryo culture 
system to different developmental stages. Since three different genotypes were 
involved, genotyping of the labelled embryos for examination was required. This was 
achieved by the use of polymerase chain reaction on the micro satellite sequence 
D15MIT71 located near the SoxlO gene. 
Apart from the initial stage of migration and the migratory pathways of neural 
crest cells, the number of neural crest cells at specific areas was also conducted under 
a light microscope. The regions that examined were the (1) mesenchyme region 
dorsal to the neural tube, (2) mesenchymal region dorsal to the somite, (3) 
mesenchymal region between the neural tube and the somite, (4) mesenchymal region 
around the dorsal aorta and (5) the mesenchymal region surrounding the foregut. 
These five regions were chosen for examination because they were the potential 
regions where neural crest cells may pass through as was implicated from studies on 
avian embryos (Epstein et al, 1994). 
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2.2 Materials 
\ 2.2.1 Pregnant mice 
Random-bred pregnant ICR (Institute of Cancer Research) mice were obtained 
•1 
from the animal house of The Chinese University of Hong Kong. Mice were 
maintained in an artificial dark-light cycle with 12-hour brightness started from 6 am 
I 
to 6 pm and 12-hour darkness from 6 pm to 6 am. One male mouse was caged with 
j several female mice for mating at the beginning of the dark period and the mating was 
； assumed to occur at the middle of the dark period, i.e. at 0 am. Female mice were 
j 
checked in the next morning with a blunt-ended spatula for the presence of a 
yellowish-white plug in the vagina for a successful copulation. When the plug was 
detected, the female mouse was considered to be 0.5 day post coitum (d.p.c.). Female 
mice with plug may not be guaranteed to have a successful pregnancy, since the 
1 
i 
presence of a vaginal plug is only a sign of a successful mating, but is not an 
assurance of fertilization of an egg nor a successful pregnancy. 
i 
2.2.2 The Handling Medium 
f 
PBl was used as the handling medium for culturing 8.5 d.p.c. mouse embryos 
and it was prepared by using a package powder Dulbecco's Phosphate Buffered 
；！ 
丨 Saline (D-PBS) (Gibco，11500-030) formula. One packet ofD-PBS was dissolved in 
j 
800 ml double distilled water. Calcium chloride was dissolved in 20 ml of double 
distilled water and 12 ml of it was added to the D-PBS solution. 4 g bovine serum 
j albumin (BSA, Sigma, A-9418) was added to the solution after the powder was 
j dissolved and was allow to stand in room temperature until all the BSA was dissolved. 
The solution added with BSA should avoid vigorous stirring to prevent denaturation 
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of the albumin. The pH of the solution was adjusted to 7.4 after the BSA was 
dissolved completely. The solution was made up to IL with doubled distilled water 
and was sterilized by filtering through a 0.22 i^m filter membrane (Millipore) and 
stored in a sterilized bottle at 4 °C before use. 
2.2.3 The culture medium 
The culture medium used in the whole embryo culture of 8.5 d.p.c. mouse 
embryos was pure rat serum which was prepared by centrifuging the whole blood 
extracted from Sprague-Dawley rats (SD rats). 
Before extraction of the whole blood, the SD rat was made to become 
unconscious by the use of ether. An U-shaped opening was then made in the 
abdomen of the unconscious rat. The abdominal aorta was exposed for the extraction 
of blood by separating the fat attaching to it with a pair of forceps. The abdominal 
aorta was located slightly right to the midline and was pink in colour when compared 
with the relatively large and dark red inferior vena cava located besides the aorta. 
A syringe connected with 21G needle was then inserted into the aorta. 10 ml 
syringe was used for the rat with 350g and 20 ml syringe was used for rat that weighs 
more than 400g. The air inside the syringe was excluded completely before insertion 
to the aorta and the syringe was not removed from the aorta after the needle has 
inserted into the aorta until all the blood was extracted in order to prevent the leakage 
of blood from the hole made by the insertion. 
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The rat should be kept alive with rhythmic heartbeats and respiration 
otherwise the blood could not be drawn successfully from the rat if the rat was dead. 
Moreover, the syringe plunger should be pulled gently and should not be pulled too 
hard in order to prevent haemolysis which may lower the quality of the serum. 
The withdrawal of the blood was continued until the rat stopped breathing. 
Then the blood was transferred to a 15 ml centrifuge tube and immediately 
centrifuged at 2200 rev/min (Hettich Universal II) for at least 5 minutes. The blood 
should be transferred gently to the centrifuge tube to avoid haemolysis of the 
erythrocytes. 
A layer of serum and a whitish fibrin clot were formed at the top of the blood 
after centrifligation and more serum was obtained by squeezing the clot with a 
sterilized Pasteur pipette and centrifuged at 2800 to 3000 rev/min (Jouan, CR112) for 
25 minutes at 6�C. The clear supernatant was and transferred to a new centrifuge tube 
with a Pasteur pipette. 
The serum was then heat-inactivated at 56�C for 45 minutes. After heat-
inactivation, the serum was stored in a tube with a cap on and stored at -20°C before 
the serum was used. The serum was warmed in a 3TC water bath before use and 5 
ml of the serum was transferred to sterilized 50 ml bottle (Wheaton Millville, NJ). 
Then the bottle containing serum was pre-equilibrated with 20% oxygen and 5% 
carbon dioxide in air in a water-jacked incubator (Forma Scientific) with 5% carbon 
dioxide in air at 37°C for several hours before use. 
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2.2.4 Preparation of Wheat Germ Agglutinin-Gold conjugates (WGA-Au) 
Wheat germ agglutinin lectin (WGA) was purchased from Sigma (L-0636). 
The preparation procedure of WGA-Au was the same as the protocol described by 
Chan and Tarn (1988). WGA is a small molecule with molecular weight of 36 kDa. 1 
mg wheat germ agglutinin was dissolved with 4 mg bovine serum albumin (BSA， 
Miles, 81001-2) in 500 \i\ 0.005M NaCl in order to crosslink WGA with bovine 
serum albumin. The mixture was allowed to stand for 30 minutes until the WGA and 
BSA were completely dissolved. After that, 100 \x\ 0.25% glutaldehyde (SPI-Chem， 
2607) was added into the WGA-BSA mixture. After 10 minutes, when conjugation of 
WGA and BSA was completed. 400 \i\ WGA complex was mixed with 20 ml 
colloidal gold solution (Polyscience, 09285, 0.005% of 15-25 nm particles in citric 
buffer pH 5.5), which were then pre-filtered with a sterile 0.22pm millipore filter in a 
plastic tube immediately before use. The pH of the solution was adjusted to 7.0 by 
O.IM K2CO3. The solution was allowed to stand for 5 minutes for complete 
absorption of the gold particles to the WGA-BSA complex. 20 |il 10 % polyethylene 
glycol (PEG) (Sigma, P3015) was added into the mixture. The conjugates were spun 
down at 35000rpm at 4°C for 45 minutes in an ultracentrifuge (Beckman, L7-65). 
The resultant concentrated WGA-Au solution appeared as a deep-red pellet at the 
bottom of the centrifuge tube and was transferred with a glass micropipette to an 
eppendorf tube for storage at 4 °C. 
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2.2.5 Preparation of l,l'-dioctadecyl-3,3,3%3'-tetramethyl indocarbocyanine 
perchlorate (Di-I) 
Di-I (1, r -dioctadecy 1-3,3,3',3'-tetramethy 1 indocarbocyanine perchlorate) 
crystals with molecular weight of 933.88 (Molecular Probe) were used to prepare an 
oversaturated stock solution. 50 mg of Dil was dissolved in 1 ml of absolute ethanol 
(Serbedzija et al., 1992). The suspension was centrifuged at 13500 rpm for 10 
minutes to remove undissolved crystals. 100 |il of the stock solution was then diluted 
with 1 ml 0.3M sucrose solution in distilled water. The final concentration of Di-I 
was 500 |ig/ml. 
2.2.6 Preparation of Carnoy's solution 
Carney's solution was used to fix the embryos labelled with WGA-Au and 
was prepared by mixing the absolute alcohol, chloroform and glacial acetic acid in a 
ratio of 6:3:1. 10ml of Carnoy's solution was prepared by mixing 6ml absolute 
alcohol, 3ml chloroform and 1ml glacial acid. 
2.2.7 Preparation of Paraformaldehyde 
4% paraformaldehyde solution was used as the fixative for embryos labelled 
with Di-I and it was prepared by dissolving 2g of paraformaldehyde powder (Sigma 
30525-89-4) in 50ml of PBS which has been pre-warmed in microwave oven. 
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2.2.8 Pregnant Dominant megacolon (Dom) mice 
The Dom mice used in this study were spontaneously occurring mutant with a 
mutation on the SoxlO allele on a C57BL/6JLe x C3HeB/FeJLe- a/a genetic 
background. Heterozygous (Dom/+) mice were purchased from the Jackson 
Laboratory in U.S., and the F1 progeny was bred by crossing to mice with normal 
enteric nervous system on the genetic background C57BL/6J x C3HeB/FeJLe- a/a in 
the animal house of the Chinese University of Hong Kong. The resultant F1 
progenies which display a white ventral belly spot and a white tail were selected and 
subjected to polymerase chain reaction geno typing by using the DNA extracted from 
the tail. The microsatellite sequence D15MIT71 which shows a 14 base pairs 
polymorphism between the B allele C57BL/6J and the H allele C3HeB/FeJLe was 
chosen as the marker for genotyping. The B allele having 118 base pairs appears as 
the lower band during electrophoresis analysis while the H allele having 132 base 
pairs appears as the upper band during electrophoresis. Only the F1 progeny that 
shows double bands after electrophoresis analysis were chosen. The chosen mice 
were heterozygous (Dom/+) mice and were used for mating. Several female Dom/+ 
mice chosen from the F1 progeny were caged with a male Dom/+ mouse in an 
artificial dark-light cycle same as that for the ICR mice. The presence of a vaginal 
plug in female Dom was considered to be 0.5 d.p.c. in the following morning after the 
male and female Dom mice were put together at the start of the dark period. 
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2.2.9 DNA extraction for genotyping of Dom embryos 
DNA for genotyping was obtained from the amniotic membrane of Dom 
embryos. After culture, the Dom embryos were morphologically examined and their 
extra-embryonic membrane including the amniotic membrane was torn out and rinsed 
with PBS. The collected membrane was then stored in an eppendorf tube at -20°C 
until use. After the membrane was warmed up to room temperature and all the 
residual PBS solution inside the eppendorf tube was pipetted out, lOjjl autoclaved 
milli-Q water was added to the eppendorf tube. The membranes were then minced 
into very small pieces by pipetting up and down through a small pipette tip connected 
to a pipetteman. 
2.2.10 Primers used in PCR for genotyping of Dom embryos 
Primer used in PCR for genotyping Dom embryos were MIT71LEFT and 
RIGHTMIT71 (GibcoBRL). There were 24 base pairs in MITT 1 LEFT and its 
sequence (5' to 3，) was CCC AAC TCA TAT GTA TTA TCC TGC. The number of 
base pairs in RIGHTMIT71 was 22 and its sequence (5，to 3，) was TAA TGA CAG 
TGC CAA ATC TTG G. The primers used were D15MIT71 primers for detecting the 
14 base pairs polymorphism in the micro satellite sequence that located near the SoxlO 
gene (Herbarth et al. 1998). 
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2.2.11 PGR reagent system 
The PGR buffer, dNTP mixture and Taq DNA polymerase were obtained from 
the PGR reagent system (10198-081, GibcoBRL). The PGR buffer used was lOX 
PCR buffer plus Mg [200mM Tris-HCl (pH 8.4)，500 mM KCl and 15mM M g C y . 
The concentration of dNTP mix was lOmM [lOmM each of dATP, dCTP, dGTP and 
dTTP] and the concentration of Taq DNA polymerase was 5\J/\il 
2.2.12 lOX TBE 
54 g Tris-base (TRIZMA BASE, T-1503, SIGMA), 27.5 g boric acid (B-6768, 
SIGMA) and 18.2 ml EDTA (0.55M, pH 8.0) were dissolved in 400 ml distilled water. 
When all the powder was dissolved, the solution was adjusted to pH 8.3 and then 
made up to 500 ml with distilled water. lOX TBE was later diluted 10-fold to IX 
TBE. 
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2J Methods 
2.3.1 Isolation of embryos from pregnant mice 
Female mouse was killed by cervical dislocation and the freshly killed mouse 
was soaked with 70% alcohol on the abdomen to avoid contamination of the 
abdominal cavity by the hair. Embryos were dissected out from the uterus by cutting 
at the antimesometrial side of the uterus with a pair of fine scissors. The embryos 
were then placed in a petri dish with prewarmed PBl medium at 37°C. Deformation 
of the embryos should be avoided by preventing excessive compression of the decidua 
during dissection. 
The decidual tissue and the Reichert's membrane of the collected embryos 
were removed by a pair of watchmaker forceps in warm PBl under a dissecting 
microscope. The embryo was isolated from the decidua by holding it at the apical 
side with one of the forceps and cut along a shallow groove located at the middle of 
the broader side by the other pair of fine forceps since the embryo was located inside 
the apical side. The broader side of the decidua was separated into two parts and the 
rest of the decidua was further separated into two parts by a gently tearing action. 
One half of the decidua was then removed, leaving the embryo attached to the other 
half. A further longitudinal incision in the remaining decidua was made and the 
resulting flaps of decidua were pulled. The Reichert's membrane that covered the 
yolk sac membrane was removed up to the placental border with the ectoplacental 
cone and visceral yolk sac remained intact. Embryos at 8.5 d.p.c. that had 4- to 6-
somites were selected for experimentation. 
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2.3.2 In situ labelling by exogenous dyes 
In situ labelling was done by injecting the exogenous dye into the lumen of the 
neural tube of 8.5 d.p.c. mouse embryos under a stereomicroscope. The exogenous 
dyes used were either WGA-Au or Di-I depending on the length of the culturing 
period. 
An injection micropipette that was made from a glass capillary (Clark 
Electromedical Instruments, GC lOOT-15) on a vertical pipette puller (David Kopf 
Instruments, Model 720) was used to inject the exogenous dye solution into an 
embryo. An opening was made at the tip on the micropipette by grasping the tapered 
end with a pair of forceps and this hand-held, mouth-controlled micropipette was then 
connected to a rubber tube and the other end of the rubber tube was connected to a 
mouthpiece. 
Before injection, one drop (about l|am) of the exogenous dye was transferred 
to a clean petri dish and covered with a layer of paraffin oil (BDH) to prevent 
evaporation of the dye. The injection pipette was filled with warm PBl by suction 
applied to the mouthpiece. Then the injection pipette was filled with a small drop of 
the dye solution (about 5 mm in length) by suction applied to the mouthpiece. 
An isolated 8.5 d.p.c. embryo with an intact yolk sac and an ectoplacental cone 
was held by a pair of watchmaker's forceps. The injection micropipette filled with 
PBl and the exogenous dye solution was inserted into the ventral side of the embryo 
through the amniotic membrane and entered the lumen of the neural tube for labelling. 
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The dye was then gradually and gently released from the injection micropipette to the 
lumen of the neural tube with the neural tube was filed up with the dye up to the 
hindbrain level. Then the micropipette was withdrawn from the embryo. 
2.3.3 Whole embryo Culture 
Embryos after in situ labelling were individually transferred into a sterilized 
bottle containing heat-inactivated rat serum. The medium was pre-equilibrated with 
5% CO2 overnight before culturing. 5 embryos were cultured in 5 ml rat serum which 
occupied about one-tenth of the 50 ml-bottle volume. The bottle were then gassed 
with 5 % CO2 balanced with air and regassed at an eight-to-twelve-hour interval. The 
, embryos were cultured from 6 to 48 hours at 37°C in a roller (BTC Engineering, UK). 
After culture, the embryos were examined for their morphological features before 
they were fixed and sectioned. 
2.3.4 Morphological examination of cultured embryos 
Embryos after culture were harvested at different time intervals. They were 
transferred to warm PBl for inspection of yolk sac circulation and heart beat and the 
result was recorded. The visceral yolk sac and amniotic membrane were then opened 
and the embryo was isolated for examination. Morphological features such as the 
presence of branchial arches, forelimb buds, optic and otic placodes, the closure of the 
neural tube as well as the turning of the body were examined (Table 1 and Table 2). 
The number of somites was also recorded. The embryos were then fixed in the 
Carney's solution for 45 minutes or in 4% paraformaldehyde overnight. 
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2.3.5 Histological examination of cultured embryos 
The fixed embryos which were previously labelled with WGA-Au were 
transferred to 70% alcohol for storage. To process the embryos for wax sectioning, 
the fixed embryos were dehydrated in 80% alcohol for 3 minutes，95% alcohol for 6 
minutes and two times of absolute alcohol each for 5 minutes. Then the embryos 
were transferred to xylene for 2 minutes twice before they were infiltrated by wax at 
60 °C for 30 minutes with one change of wax at 15 minutes. The embryos were 
oriented and embedded in wax for serially transverse sectioning at a thickness of 7 um 
and the sections were mounted on micro slides (VWR, 48311-703). 
� 
Silver enhancement staining was used to stain up cells with WGA-Au. 
Sections were firstly incubated in an oven at 60 °C for 30 minutes to melt the wax and 
the embryos were then immersed in xylene for 5 minutes for three times. The 
sections were further rehydrated in absolute alcohol for 5 minutes, 95% alcohol for 3 
minutes, 80% alcohol for 2 minutes and 70% alcohol for 2 minutes respectively. The 
sections were washed in distilled water for 5 minutes after rehydration. 
The dewaxed sections were then incubated in a silver developer solution 
containing 0.11% silver lactate (Fluka 85210) and 0.85% hydroquinone (BDH，10312) 
for 12 minutes in a dark room. The sections were then washed in distilled water for 1 
minute with moderate shaking. They were further treated with a photographic fixer 
(AGFA, B&W Fixer, fixer:distilled water = 1:3) for 5 minutes and then counter 
stained with 0.5% fast green for 5 minutes. 
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After staining, the sections were dehydrated in graded alcohol and xylene 
before the sections were mounted with Per mount (Fisher Scientific, SP15-500). The 
sections were then examined under a light microscope after the Permount was 
solidified. 
The fixed embryos previously labelled with Di-I were stored in PBS at 4°C. 
For processing, the embryos were dehydrated gradually in a series of increasing 
concentration of sucrose solution from 10，20 to 30% in PBS (IX, pH7.4). The 
embryos were not transferred between sucrose solutions until they sank to the bottom 
of the solution. After dehydration, the embryos were then embedded in OCT 
compound (Tissue-TEK) overnight in a Petri dish. 
The embedded embryo was then transferred to the cap of a FALCON 5 ml 
polypropylene round-bottom tube (FALCON, 352063). Liquid nitrogen was used to 
cool down and solidify the OCT embedded embryo inside the cap. Isopentane was 
cooled down first by liquid nitrogen inside a 50 ml beaker, then the embedded embryo 
inside the cap was put into the cool isopantane. 
2.3.6 Genotyping of Dom F1 generation 
2.5 |Lil lOX PGR buffer with Mg, 1 fil primer of each MIT71LEFT and 
RIGHTMIT71 were mixed in every PGR tube for running PCR. Then, autoclaved 
milli-Q water, 5 |il of template solution 0.5 |il dNTP and 0.5 [x\ Taq DNA polymerase 
were added individually to the PCR tubes. In order to give the final reaction volume 
to 25 pi, 19.5 milli-Q water was added in the control which has no template sample 
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in it. While the volume of water added to tubes with template was 14.5 \il Then all 
the tubes were put in the PCR machine (Perkin Elmer, GeneAmp PCR System 2400). 
2.3.7 Genotyping of Dom embryos by PCR 
2.5 1^1 lOX PCR buffer with Mg, 1 [x\ primer of each MIT71LEFT and 
RIGHTMIT71 were mixed in every PCR tube for running PCR. Then, autoclaved 
milli-Q water, 5 [x\ of template solution and 0.5 |al Taq DNA polymerase were added 
individually to the PCR tubes. In order to give the final reaction volume to 25 |ll1, 
milli-Q water was added in the control. While the volume of water added to tubes 
with template was 14.5|al. Then all the tubes were put in the PCR machine (Perkin 
Elmer, GeneAmp PCR System 2400). The number of cycle was 33 and the condition 
for PCR was: denaturation temperature 94 °C for 5 minutes, annealing temperature 95 
°C for 55 seconds, elongation temperature 5 8 � C for 55 seconds, Post-PCR reaction 
temperature72 °C for 1 minute and 30 seconds. After the reaction, samples were kept 
at 4 °C. 
2.3.8 Gel electrophoresis 
4% agarose gel was used to run the PCR product. 3.2 g agarose product (A-
6013, SIGMA) was dissolved in 80 ml hot fresh IX TBE. 12 Ethidium-Bromide 
(EB) solution (6 fig/ |il) was then added to the agarose solution. The agarose solution 
with ethidium bromide was then poured into a gel tank with a comb. After the 
agarose was solidified, IX TBE was poured into the tank until the gel was totally 
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immersed by it. 10 \i\ PGR product was mixed with 2 \il 6X DNA loading dye and 
the mixture was loaded into the well of the gel. DNA maker (Promega, pGEM, 
G1741) was used for the identification of the size of the bands. After loading, the 
tank was connected to a 80 Voltage power supply and the electrophoresis took around 
one and a half hours. The gel was then examined under UV and a photo was taken for 
record. 
2.3.9 Counting of WGA-Au labelled cells 
Serial sections of embryos at different stages were analysed for the distribution 
of labelled cells in different regions at three different levels including (1) somite level 
1 to 4，（2) somite level 5 to 7 and (3) somite level 8 to 9. At all three levels, labelled 
cells were counted at the different regions, these regions were (i) mesenchyme dorsal 
to neural tube, (ii) mesenchyme dorsal to somite，(iii) mesenchyme between somite 
and neural tube，(iv) mesenchyme near the dorsal aorta and (v) mesenchyme around 
the foregut (Appendix). The numbers of cells in the above regions at different somite 
level (i.e. somite 1-4, somie level 5-7 and somite level 8-9) were counted by the use of 
the computer software Metamorph. The data obtained was subjected to t-test for 
statistical analyses. P value less than 0.05 was considered to be significant. 
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2.4 Results 
2.4.1 Genotyping 
The microsatellite sequence D15MIT71 that is located near the SoxlO gene 
was used as the marker for genotyping. In normal mouse embryos, D15MIT71 is of 
the size of 132 base pairs. Since there is a 14-base-pair polymorphism in the 
D15MIT71 of the Dom mutant, the mutant showed a band at 118 base pairs after 
amplification of its genomic DNA by using specific primers in PCR. In the agarose 
gel electrophoresis of the PCR product (Figure 1 a and b), the wild-type embryos gave 
a single band in 132-base-pair size, while the homozygotes for SoxlO gene mutation 
gave a single band at 118 base pairs. Since heterozygous mutant embryos have one 
short allele and one long allele, they gave both bands at 118 and 132 base pairs. For 
the bands that appeared in the region below the 118 and 132 base pairs bands was a 
result of non-specific binding of the primer to the genomic DNA of the DOM 
embryos. 
2.4.2 Examination on the gross morphology of control and experimental 
embryos 
Control embryos were employed mainly for two purposes: (1) to show that the 
whole embryo culture can support the normal development of the mouse embryos in 
vitro for up to 48 hours without formation of any morphological abnormalities; and (2) 
to prove that the in situ labelling procedure and the handling medium did not induce 
malformations in the embryos. Three types of control groups, therefore, were 
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designed for the project. They include the in utero control, non-injected control and 
PBl-injected control. The in utero control was prepared by taking out the embryos 
that developed inside the uterus for 48 hours from the 8.5 days post coitum (d.p.c.). 
For the non-injected control group, embryos were taken out at the same stage (i.e. 8.5 
d.p.c.), cultured with the whole embryo culture system and harvested 48 hours after of 
culture. The embryos of the PBl-injected group were injected with the handling 
medium PBl before the commencement of the whole embryo culture. It was 
observed that, 48 hours after in vitro culture, the embryo in the PBl-injected and non-
injected control groups exhibited strong heartbeat and obvious yolk sac circulation. 
Similar observations were found in the embryos of the in utero control. Besides, in 
terms of morphogenesis, both the non-injected and PBl injected control showed no 
significant differences when compared with the in utero control (Table 1). 
For the experimental embryos, the labelled ICR embryos were taken out from 
the culture medium and placed inside warm PBl for examination after culture. 8.5 
d.p.c. embryos were labelled and cultured from the 5- to 8-somite stage and the 
embryos were harvested at different stages (Table 2). 
In order to find out the developmental profiles of the labelled embryos, several 
morphological structures of the labelled embryos were examined and compared with 
the in utero control. These morphological structures included the heartbeat, yolk sac 
circulation, the presence of the optic and otic placodes, the limb buds and the number 
of branchial arches. At the 6- to 7-somite stage, all the embryos show no heartbeat or 
yolk sac circulation. At this stage the embryos have not changed to the convex C-
shaped configuration and only one pair of branchial arches were observed. The neural 
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tube of the embryos was widely opened at this stage. Similar observations were found 
in the in utero control group. (Table 2). 
At the 8- tolO-somite stage, all the experimental embryos exhibited strong 
heartbeat but no yolk sac circulation was detected. All of the experimental embryos 
had not turned their body but had the first branchial arches formed. Moreover, the 
optic placodes，otic placodes and limb buds of the experimental embryos had not yet 
formed and the neural tube was still widely open at this stage. In the in utero control 
group, similar observations were found (Table 2). 
Embryos at the 11- to 15-somite stage were found to have both strong heart 
beat and obvious yolk sac circulation. All the labelled embryos had formed the optic 
placodes and otic placodes. At this stage，the limb buds were still absent and only 
some (around 30% to 40%) of the embryos had formed the second branchial arches. 
These observations were similar to that of the in utero control (Figure. 2 a,b). 
However, only 62% of the experimental embryos had turned their body while all the 
in utero control embryos have turned their body at this stage (Table 2). The neural 
tube of all the embryos in both the experimental and control group at this stage was 
still opened. 
At the 17- to 19-somite stage, all embryos exhibited strong heart beat and 
showed obvious yolk sac circulation. Moreover, the optic placodes, otic placodes and 
second branchial arches were found in all the embryos. 91% (Table 2) of the embryos 
showed the presence of forelimb buds, the in utero control showed similar observation. 
However, only 65% (Table 2) of them had acquired the C-shaped configuration while 
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all (100%) the embryos of the in utero control group had successfully turned their 
body axis. At this stage, both the experimental and in utero embryos have not yet 
closed their neural tube. 
At the 21- to 23-somite stage, all of them exhibited strong heartbeat and 
obvious yolk sac circulation. Besides, all the embryos had changed to a convex C-
shaped configuration and showed normal optic placodes，otic placodes, two branchial 
arches，forelimb buds and a closed neural tube (Figure. 3 a,b). At this stage, the 
experimental embryos showed no significant differences in morphogenesis from the 
corresponding in utero control group (Table 2). 
At the 25- to 27-somite stage and the 33- to 35-somite stage，embryos were 
found to have strong heart beat and obvious circulation. All of them had turned their 
body and showed normal optic and otic placodes. The third branchial arches were 
found at these stages. Forelimb buds were found in the embryos of the two groups. 
Moreover, hindlimb buds were observed in 63% of the embryos at the 25- to 27-
somite stage and was found in all the embryos at the 33- to 35-somite stage (Table 2). 
The in utero control at these stages showed similar observations. 
2.4.3 Morphological examination of DOM mutant embryos after culture 
Totally thirty-seven Dom embryos were labelled and cultured from the 5- to 6-
somite stage to around the 6-to 10-somite stage. After genotyping by using the DNA 
extracted from the extra-embryonic membrane of the embryos, it was found that ten 
out of thirty-seven of the embryos were homozygous mutant. Sixteen out of thirty-
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seven of the embryos were heterozygous mutant and eleven of them were wild-type 
Dom embryos. At this stage, strong heart beat was observed in all the embryos of all 
three genotypes. At this stage, however, no yolk sac circulation was observed since 
their blood circulation in the yolk sac membrane had not yet developed. The embryos 
had not changed to the convex C-shaped configuration. Moreover, no optic or otic 
placodes or forelimb buds were found and the neural tube was still open at this stage. 
When compare with the ICR embryos at the same stage, no obvious differences in the 
morphological features were found (Table 3). 
At the 11- to 15-somite stage, twenty-one embryos were harvested. Four out of 
the twenty-one embryos were wild-type embryos. At this stage the forelimb buds of 
the wild-type embryos had not yet found. They exhibited strong heart beat and 
obvious yolk sac circulation. All of them had formed the optic placodes, otic 
placodes and the second branchial arches (Figure 4). Two (i.e. 50%) of the wild-type 
embryos had turned their body, but all of the wild-type embryos had not yet closed 
their neural tubes. Twelve of them were heterozygous mutant (Table 3). All of them 
showed strong heart beat and obvious circulation and all of them showed normal 
development of the otic and optic placodes and the branchial arches (Table 3). 
However, only five of them (i.e. 42%) had turned their bodies. Five of the 
homozygous mutant at this stage showed similar morphological features to the wild-
type and heterozygous mutant, except that, only one out of five (i.e. 20%) of them 
turned its body (Table 3). 
At the 17- to 19-somite stage, seventeen embryos were collected. Five out of 
seventeen of them were the homozygous for the mutation. Eight of them were the 
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heterozygous mutants and four were the wild-type embryos. All of them showed 
strong heart beat and obvious yolk sac circulation. They all showed normal 
development of the otic and optic placodes and also the second branchial arches. At 
this stage, three out of four (75%) wild-type mutants and five out of eight (63%) of 
the heterozygous mutants had turned their body (Table 3). For the homozygous 
mutants at this stage, only 40% (i.e. two out of five) had turned their body. All the 
wild-type embryos had the forelimb buds and four out of eight (50%) of the 
heterozygous mutants showed the presence of forelimb buds. For the homozygous 
mutants, only two of them (20%) showed the presence of the forelimb buds. All the 
ICR embryos at this stage had turned their body and over 60% of them had the 
forelimb buds (Table 3). 
At the 21-to 23-somite stage, totally nineteen embryos were harvested. Six of 
them were homozygous mutants, eight were heterozygous mutants and five were 
wild-type embryos. At this stage, the embryos of both the wild-type and heterozygous 
embryos had acquired the C-shaped configuration of their body. However, for the 
homozygous embryos, only four out of six (67%) had turned their body (Table 3). 
For the development of forelimb bud, all of the wild-type embryos had their forelimb 
buds developed. Seven out of eight (88%) of the heterozygous mutants showed the 
forelimb buds. At this stage，more (80%) homozygous showed the development of 
the forelimb buds, (i.e. four out five). For the other morphological features, embryos 
of all the genotypes showed normal development. They all showed normal 
development of the otic and optic placodes and also the second branchial arches. 
Both strong heart beat and obvious yolk sac circulation were observed for all the 
embryos and all their neural tube were closed at this stage. The development of the 
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wild-type embryos, heterozygous and homozygous mutants were similar to those 
found in the normal ICR embryos (Table 3). 
Seventeen Dom embryos were harvested at the 25- to 27-somite stage. Five of 
them were wild-type embryos, eight of them were heterozygous mutants and four of 
them were homozygous mutants. All the embryos at this stage showed strong heart 
beat and obvious yolk sac circulation and all of them have a normal development of 
the otic and optical placodes, the forelimb buds and have turned their body (Table 3). 
Both the wild-type embryos and the heterozygous mutants have a closed neural tubes, 
however, one out of four (25%) of the homozygous mutants still had its rostral and the 
caudal part of the neural tube opened (Table 3). At this stage, the third branchial arch 
was found to start to develop in the ICR embryos. This observation was also found in 
all the wild-type mutants. However, only 62% of the heterozygous and 50% of 
homozygous mutants were found to have the third branchial arches developed (Table 
3). This showed an obvious retardation of the development of the third branchial 
arches of both the heterozygous and homozygous mutants when compared with the 
normal ICR embryos at the same stage. 
At the 33- to 35-somite stage, totally fifteen Dom embryos were harvested. 
Three of them were wild type; eight were heterozygous mutants and four were 
homozygous mutants. All the wild type embryos and heterozygous mutants showed 
strong heart beat and obvious yolk sac circulation. All of them showed normal 
development of the otic and optic placodes. All of the wild types showed the 
presence of the third branchial arch and all of them showed the development of the 
hindlimb buds. 75% (six out of eight) of the heterozygous mutants showed the third 
branchial arch and 88% (seven out of eight) of heterozygotes showed the development 
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of the hindlimb buds. For the homozygous mutants, two out of four of them died (i.e. 
without heart beat and yolk sac circulation) after culture while the remaining two 
mutants both showed normal heart beat and obvious circulation. The other 
morphological features like the otic and optic placodes were normal in the 
homozygous mutants (Table 3). However, the third branchial arch was not observed 
in the surviving two embryos. The neural tubes of the two embryos were closed at 
this stage. 
After the comparison of the in vitro cultured of the Dom embryos with the 
ICR embryos, it was found that the morphological development of the wild-type Dom 
embryos was similar to that of the ICR embryos at all the stages. Except that, the 
body turning of the wild-type embryos started at a later stage when compare to ICR 
embryos. In heterozygous and homozygous mutants, this delay of turning of the body 
was also observed and was more serious when compare with the wild-type embryos. 
Apart from turning of body axis, the development of the forelimb buds in the 
heterozygous and homozygous mutants were also retarded. The formation of the 
forelimb buds almost complete at the 17- to 19-somoite stage in the ICR and wild-
type embryos. However in the heterozygous and homozygous mutants, the formation 
of the forelimb buds completed at the 25 to 27 somite stage. In addition, the 
formation of the third branchial arch was also abnormal. In ICR and wild-type 
embryos, the formation of the third branchial arch was at the 25- to 27-somite stage. 
In the heterozygous and homozygous mutants, the formation of the third branchial 
arch had not yet completed even at the 33- to 35-somite stage 
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2.4.4 Initial stage of vagal and trunk neural crest cells migration in ICR mouse 
embryos 
The stage at which the vagal neural crest cells started to migrate from the 
neural tube was found by labelling the entire neural tube of the embryos with WGA-
Au. The labelled neural tube was heavily stained, and thus when the cross section of 
a labelled embryo was examined under a light microscope, a lot of dark granules were 
seen in the cytoplasm of the neural tube cells (Figure. 5). 
When the embryos were labelled at the somite levels 1 to 4 and harvested at 
the 6-somite stage, labelled cells with dark granules in the cytoplasm were found at 
the lateral margins of the closing neural tube. No labelled cells were found in the 
mesenchyme lateral to the closing neural tube (Figure. 6 a). However, for the labelled 
embryos cultured to the 7-somite stage，labelled cells were found in the mesenchyme 
lateral to the closing neural tube of most (80%) of the embryos examined. In embryos 
collected at the 8-somite stage, labelled cells of 100% of the labelled embryos at the 
somite level 1 to 4 were found in the mesenchymal tissue lateral to the closing neural 
tube (Figure. 6 b). Therefore, neural crest cells that migrated from the somite level 1 
to 4 started their migration at the 7- to 8-somite stage. 
At the 8-somite stage, however, no labelled cells were found in the 
mesenchyme dorsal to the neural tube at the region posterior to the somite level 5. 
However at a slightly later stage, that is, the 9-somite stage, labelled cells were found 
to migrate out of the neural tube at the somite level 5. Some of the labelled cells at 
the lateral margins of the neural tube were found to have one end closely related to the 
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neural epithelium, while the other end of the cells was already in the mesenchyme 
dorsal to the neural tube. Moreover，some labelled cells were detached from the 
neural tube and located in the mesenchyme dorsal to the neural tube (Figure. 7 a). 
Neural crest cells at the somite level posterior to the somite number 5 had not yet 
started their migration at this stage (Figure. 7 b and c). 
At the 10-somite stage, at the somite level 6，neural crest cells were also found 
to migrate out of the neural tube at this stage and labelled cells were found in the 
mesenchyme dorsal to the neural tube at the somite level 6 (Figure. 8 a). At this stage, 
no labelled cells were found in the mesenchyme or detached from the neural tube at a 
level posterior to the somite number 6 (Figure. 8 b). At the 11-somite stage, neural 
crest cells originated from the somite level 7 started to migrate from the neural tube 
and labelled cells at this level were found in the mesenchymal tissue dorsal to the 
neural tube (Figure. 9 a). By the 12- to 13-somite stage, labelled cells at somite level 8 
to 9 were found to migrate from the neural tube. Labelled cells at the lateral margins 
of the neural tube at this level were found to migrate from the neural tube and in the 
mesenchyme dorsal to the neural tube (Figure. 9 b). 
Therefore, the neural crest cells from the somite level 5 started their migration 
at the 9 somite stage, while crest cells originated from the somite level 6 started their 
migration at the 10 somite stage, and those from the somite level 7 commenced at the 
11 somite stage and cells from the 8 to 9 somite level started at the 12- to 13-somite 
stage. 
63 
Chapter two: Migration of Neural Crest Cells in Normal ICR 
and DOM mutant mouse Embryos  
2.4.5 Initial stage of vagal and trunk neural crest cells migration in Dom 
embryos 
The initial migration of vagal and trunk neural crest cells migration was 
investigated in the same way as in normal ICR mouse embryos (described in 2.4.4). 
In the wild-type embryos, the initial migration of neural crest cells at the 
somite level 1 to 4 was found to start at the 7- to 8-somite stage (Figure 10 a), because 
labelled cells were found in the mesenchyme dorsal to the neural tube at the 7- to 8-
somite stage. In both the heterozygous and homozygous mutants, similar 
observations were found. In both the mutants, neural crest cells originated from the 
somite level 1-4 started their migration at the 7- to 8-somite stage (Figure 10 b and c). 
At this stage (i.e. 7- to - 8 somite stage), no labelled cells were found at the 
mesenchyme dorsal to the neural tube at the axial level posterior to somite 5 (Figure 
11). 
Neural crest cells originated from the somite level 5 of the wild-type embryos 
started their migration at the 9 somite stage. At this stage (i.e. the 9 somite stage), 
labelled cells from this region were found in the mesenchyme dorsal to the neural tube 
(Figure 12 a). In both heterozygous and homozygous mutants, neural crest cells 
originated from the somite level 5 were also found at the 9 somite stage (Figure 12 b 
and c). 
Neural crest cells originated form somite level 6 and 7 in the wild-type 
embryos were found to migrate out of the neural tube at the 10-somite stage (Figure 
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13.a) and the 11-somite stage (Figure 14.a) respectively. At the 10-somite stage， 
neural crest cells from the somite level 6 of the wild-type embryos were found to 
detach from the neural tube and located in the mesenchyme dorsal to the neural tube 
(Figure 13 a). In the heterozygous and homozygous mutants, similar results were also 
observed (Figure 13 b and c). At the 11-somite stage，neural crest cells originated 
from somite level 11 of the wild-type embryos，heterozygous and homozygous 
embryos started to detach from neural tube (Figure 14 b and c). 
At the somite level 8 to 9，labelled cells were found in the mesenchyme dorsal 
to the neural tube at the 12- to 13-somite stage in the wild-type embryos, 
heterozygous and heterozygous mutants (Figure 15), implicating that neural crest cells 
at these levels had already started their migration at this stage. Similar observations 
were obtained from ICR embryos. 
2.4.6 Distribution of labelled cells in ICR embryos after WGA-Au labelling 
The entire neural tube of the embryos at the 5 to 6 somite stage was labelled 
with WGA-Au and the labelled embryos were cultured for a maximum of 24 hours, 
while the embryos cultured for up to 48 hours were labelled with Di-I. After labelling, 
the embryos were cultured to different developmental stages and were examined at 
three different levels which were: (1) the somite level 1 to 4, (2) the somite level 5 to 
7 and (3) the somite level 8 to 9. 
As mentioned in 2.4.2, the neural crest cells originated from the somite level 1 
to 4 had already started their migration and had migrated to the mesenchyme dorsal to 
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the neural tube at the 8- to 9-somite stage after 8 to 9 hours of culture. At the 10- to 
11-somite stage，neural crest cells from the somite level 5 to 7 were found in the 
dorsal mesenchyme of the neural tube as mentioned previously and they had just 
started their migration because some of the labelled cells were found in the 
mesenchyme dorsal to the neural tube. At this stage (i.e. 10- to 11-somite stage), 
labelled cells from the somite level 1 to 4 were found to populate the mesenchyme 
dorsal to the neural tube. 
At the 12- to 13-somite stage, at this stage, at the somite level 1 to 4, WGA-Au 
labelled neural crest cells were found to move to some more ventral mesenchymal 
regions dorsal to the somite (Figure. 16 a). At the somite level 5 to 7 at this stage (i.e. 
12- to 13-somite stage), labelled cells were found in the mesenchyme dorsal to neural 
tube (Figure. 16 b). At the 14- to 16-somite stage, the observations at all the levels 
were similar. Labelled cells were found in the mesenchyme dorsal to the somite 
(Figure. 17 a，b), and in the mesenchymal region between the neural tube and the 
somite. 
At the 17- to 19-somite stage, at the somite level 1 to 4, labelled cells were 
found to locate mainly at three mesenchymal regions:(l) dorsal to the neural tube, (2) 
dorsal to the somite, (3) between the neural tube and somite and (4) near the dorsal 
aorta. At the somite level 5 to 7, observations were similar and labelled cells were 
found in the mesenchymal region (1) dorsal to the neural tube, (2) dorsal to the somite 
(3) between the neural tube and somite and (4) near the dorsal aorta. Similar 
observations were found at the somite level 8 to 9. 
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At a slightly more advanced stage, i.e. the 21- to 23-somite stage, at the somite 
level 1 to 4，labelled cells were found in the mesenchymal region (1) dorsal to the 
neural tube, (2) dorsal to the somite, (3) between the neural tube and the somite, (4) 
near the dorsal aorta and (5) lateral to the primitive pharynx (Figure. 18 a). At this 
stage, labelled cells were found to migrate into two pathways. A majority of the 
labelled cells (80%) were found in the mesenchyme: (1) dorsal to the neural tube, (2) 
dorsal to the somite, (3) between the neural tube and the somite. At this stage, the 
labelled cells were found to migrate further ventrally and located in the (4) 
mesenchymal region around the dorsal aorta and (5) gut mesenchyme (Figure 18 a). 
A minority of the labelled cells were found to locate in the mesenchyme between the 
surface epithelium and the somite (Figure. 18a). At the somite level 5 to 7 and 8 to 9, 
the locations of the labelled cells were again similar except that labelled cells were not 
found in the gut mesenchyme, indicating that neural crest cells at these had not yet 
reached the gut mesenchyme (Figure. 18 b). 
At the 25- to 27-somite stage, labelled cells at the somite level 1 to 4 were still 
found in the 5 above mentioned mesenchymal regions including the gut mesenchyme. 
At a slightly lower level, that is the somite level 5 to 7, labelled cells were found 
migrated more ventrally towards the mesenchymal region ventral to the dorsal aorta. 
At this stage, labelled cells were found near the mesenchyme around the gut (Figure. 
19). At the 8- to 9-somite stage, similar observations were found. Therefore, at the 
25- to 27-somite stage, neural crest.cells originated from the somite level 5 to 7 and 8 
to 9 have reached the gut mesenchyme. 
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At the 33- to 35-somite stage, when the embryos were labelled with Di-I and 
were cultured for more than 24 hours, labelled cells appeared as red light spots in the 
cross section of the embryos. At the somite level 1 to 4, labelled cells were found in 
the mesenchymal lateral to the neural tube, dorsolateral to the dorsal aorta, and lateral 
to the foregut (primitive pharynx) (Figure. 20 a). Observations were similar at the 
somite level 5 to 7 and 8 to 9. At these levels, labelled cells were found in the 
mesenchymal region lateral to the neural tube, in the mesenchyme around the dorsal 
aorta and around the gut (Figure. 20 b). 
In conclusion, the neural crest cells originated from the somite level 1 to 4 
(Figure 21 a) were found to locate in the mesenchyme dorsal to the neural tube at the 
8- to 9-somite stage. They then reached the mesenchyme dorsal to the somite at the 
12- to 13-somite stage. Later at the 14- to 16-somite stage, the neural crest cells were 
found to move through the mesenchyme between the somite and the neural tube to 
reach the mesenchyme near the dorsal aorta at the 17- to 19-somite stage. They then 
arrived the foregut at the 21 to 23 somite stage. For the neural crest cells that 
migrated out of the neural tube at the somite level 5 to 7 (Figure 21b), they were 
found in the mesenchyme dorsal to the neural tube at the 8- to 9-somite stage. They 
reached the mesenchyme dorsal to the somite at the 12- to 13-somite stage and 
migrate through the region between the somite and the neural tube at the 14- to 16-
somite stage. They were found in the mesenchymal region near the dorsal aorta at the 
17- to 23-somite. Finally they arrived the foregut at the 25- to 27-somite stage. The 
migration profile of the neural crest cells at the somite level 8 to 9 (Figure 21c) was 
similar to that originated at the somite level 5 to 7，except that the neural crest cells 
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started to appear in the mesenchyme dorsal to the neural tube at the 12- to 13-somite 
stage. 
Apart from the medial pathway that mentioned above, the lateral pathway was 
also found in the mesenchyme between the surface epithelium and the somite. At the 
somite levels 1 to 4, 5 to 7 and 8 to 9，the stage at which this lateral pathway appeared 
was similar (i.e. the 21- to 23-somite stage). 
2.4.7 Distribution of WGA-Au labelled cells in Dom embryos 
The distribution of the WGA-Au labelled cells was also found in the same way 
as in normal ICR mice (described in section 2.4.3). Therefore, Dom embryos were 
cultured to different developmental stages and were examined at three different levels, 
that is (1) somite level 1 to 4，（2) somite level 5 to 7 and (3) 8 to 9 somite level. 
Besides, the numbers of the labelled cells were also counted and compared at different 
regions of these three levels with the aid of the computer software Metamorph. 
At the 8-to-9-somite stage 
Neural crest cells originated from the somite level 1 to 4 in the wild-type 
embryos were found located at the mesenchyme dorsal to the neural tube (Figure 22 
a). Similar observations were found in both the heterozygous and homozygous 
mutants (Figure 22 b and c). Besides, the total number of labelled cells was also 
similar in all three genotypes, around 7 to 8 labelled cells were found (Figure 23). As 
mentioned previously, neural crest cells located posterior to the somite level 5-7 had 
just started their migration, therefore, a fewer number of neural crest cells were found 
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in the mesenchyme dorsal to the neural tube when compared to those observed at the 
somite level 1 to 4 (Figure 23). 
At the 10- to 11 -somite stage 
More labelled cells at the somite level 1 to 4 were found in the mesenchyme 
dorsal to the neural tube of the wild-type embryos (Figure 24a). Similar results were 
observed in both the heterozygous and homozygous mutants (Figure 24b and c). The 
number of labelled cells in all three genotypes was similar (Figure 25). At this stage, 
labelled cells at the somite level 5 to 7 had already started their migration. Labelled 
cells at this level were found in the mesenchyme dorsal to the neural tube (Figure 26). 
At the 12- to 13-somite stage 
WGA-Au labelled cells from the somite level 1 to 4 in the wild-type embryos 
were found in the mesenchyme dorsal to the somite (Figure 27a). In both 
heterozygous and homozygous mutants, labelled cells were found in the similar 
location (Figure 27b and c). The number of labelled cells at this level (i.e. level 1 to 4) 
in all three genotypes also showed no significant difference (Figure 28). In the wild-
type embryos, heterozygous and homozygous mutants, labelled cells at the somite 
level 5 to 7 were found in the mesenchyme dorsal to the neural tube and in the 
mesenchyme dorsal to the somite (Figure 29). At this stage labelled cells from2 the 
somite level 8 to 9 were also found in the mesenchyme dorsal to the neural tube in all 
three genotypes since they have already started their migration at this somite stage 
(Figure 30 a，b and c). 
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At the 14- to 16-somite stage 
At the 1 to 4 somite level, migration pattern of labelled cells of all three 
genotypes were similar. Labelled cells were found in the mesenchyme dorsal to the 
somite and between the somite and neural tube (Figure 31 a and b). However, the 
numbers of cells in different genotypes were different. In the wild type, labelled cells 
were located dorsal to the somite and in the mensenchyme between the neural tube 
and somite. In heterozygous and homozygous mutants, fewer labelled cells were 
found when compared with that in the same region (Figure 32 a, b and Figure 33 a 
and b) of the wild-type embryos at the same stage (i.e. 14- to 16-somite stage). At the 
5 to 7 and 8 to 9 somite level, similar results were obtained in heterozygous and 
homozygous mutants (Figure 34, Figure 35 a and b). 
At the 17- to 19-somite stage 
The wild type embryos at the somite level 1 to 4, labelled cells were found 
located mainly at four regions similar to those found in normal ICR embryos. These 
regions were (1) mesenchyme dorsal to the neural tube, (2) mesenchyme dorsal to the 
somite, (3) mesenchyme between the neural tube and (4) mesenchyme near the dorsal 
aorta (Figure 36 a to c). Apart from the migratory pattern, the numbers of labelled 
cells in all the examined regions in the wild type was also similar to those found in 
normal embryos (Figure 37). In the heterozygous and homozygous mutants, labelled 
cells were found in the (1) mesenchyme dorsal to the neural tube, (2) mesenchyme 
dorsal to the somite and (3) mesenchyme between the neural tube and somite (Figure 
38 a to b and Figure 39 a to b). No labelled cells were found in the mesenchyme near 
the dorsal aorta at this stage for both the mutants and the numbers of cells along the 
three pathways were fewer when compared with those in the wild types embryos 
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(Figure 37). In wild-type embryos, similar observations on the migratory pattern of 
labelled cells were found at lower axial levels, i.e. somite level 5 to 7 and 8 to 9 
(Figure 40 a and b) except that labelled neural crest cells were not found in the 
mesenchyme near the dorsal aorta. Similar observations were also found in both the 
heterozygous and homozygous mutants at this somite level (Figure 41 a to b and 
Figure 42 a to b). 
At the 21- to 23-somite stage 
In the wild-type embryos at somite level 1 to 4, the migratory pattern and the 
number of labelled cells were similar to those found in normal embryos (Figure 43). 
Therefore，labelled cells at this stage and level of the wild types were found in (1) the 
dorsal mesenchymal region of the neural tube, (2) mesenchyme dorsal to the somite, 
(3) mesenchyme between, the neural tube and somite, (4) mesenchyme near the dorsal 
aorta. The labelled cells were also found migrated to the mesenchyme lateral to the 
primitive pharynx (Figure 44 a to c). At somite level 5 to 7 and 8 to 9, in the wild-
type embryos, a majority of the labelled cells (80%) were found located at the: (1) 
dorsal mesenchymal region of the neural tube, (2) mesenchyme dorsal to the somite, 
(3) mesenchyme between the neural tube and somite. At this stage, labelled cells 
were found to migrate further ventrally and located in the (4) mesenchymal region 
around the dorsal aorta. A minority of the labelled cells were found located in the 
mesenchyme between the surface epithelium and the somite (Figure 43 and Figure 45 
a to c). 
In the heterozygous mutant at the 21-to 23-somite stage, at somite level 1 to 4, 
the migratory patterns of the labelled cells were similar to those found in the wild 
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types (Figure 46 a to c) except that the number of labelled cells was fewer and the 
labelled cells had just reached the dorsal aorta but had not yet reached the lateral 
mesenchyme of the primitive pharynx. At the somite level 5 to 7 and 8 to 9 somite 
level, labelled cells of the heterozygous mutants were found in the (1) dorsal 
mesenchymal region of the neural tube, (2) mesenchyme dorsal to the somite, (3) 
mesenchyme between the neural tube and the somite. At this stage, labelled cells 
were found to just reached the mesenchyme of the dorsal aorta (i.e. the dorsal side of 
the dorsal aorta) (Figure 47 a to c). In addition, no labelled cells were found in the 
mesenchymal region between the surface epithelium and the somite. The numbers of 
labelled cells along the major pathways were fewer than those of the wild types 
(Figure 43). 
For homozygous mutants, labelled cells at the somite level 1 to 4 were still 
located in the mesenchymal region between the somite and neural tube but not in 
region located further ventrally (Figure 48 a and b). At the somite level 5 to 7 and 8 
to 9，labelled cells were only found in the (1) dorsal mesenchymal region of the neural 
tube, (2) mesenchyme dorsal to the somite, (3) mesenchyme between the neural tube 
and somite (Figure 49 a and b). No labelled cells were found near the mesenchyme 
around the dorsal aorta. 
At the 25- to 27-somite stage 
Labelled cells of the wild types at somite level 1 to 4 have reached the 
mesenchymal region dorsolateral to the primitive pharynx (Figure 50 a-c). The 
number of labelled cells was similar to those found in normal embryos in all the 
examined regions. At a lower level, that is, somite level 5 to 7 and 8 to 9，labelled 
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cells of the wild types were found located more ventrally in the mesenchymal region 
ventral to the dorsal aorta and reached the mesenchyme around the gut (Figure 51 a-c). 
Again，the number of the labelled cells in all the examined regions was similar to 
those found in normal embryos. 
At the same stage (i.e. 25- to 27-somite stage) in the heterozygous mutants at 
somite level 1 to 4, labelled cells were found in the mesenchyme lateral to the 
primitive pharynx (Figure 52 a-c). At somite level 5 to 7 and 8 to 9，labelled cells 
were located at a more ventral region of the dorsal aorta but they have not yet reached 
the mesenchyme near the foregut (Figure 53 a-c). The number of the labelled cells at 
both levels of the heterozygous embryos was fewer than those found in the wild-type 
embryos (Figure 54). 
In the homozygous mutants, labelled cells at the 1 to 4 somite level, 5 to 7 and 
8 to 9 somite levels were similar in the migratory pattern and number of labelled cells 
on the migration pathway. Labelled cells were only found in the mesenchyme 
between the somite and the neural tube (Figure 55 a to b Figure 56 a to b). Moreover, 
the number of cells was fewer than those found in wild-type embryos (Figure 54). 
Labelled cells had not yet reached the regions of the dorsal aorta and the foregut. 
At the 33- to 35-somite Stage 
At the somite level 1 to 4 of the wild-type embryos, Di-I labelled cells were 
located at the dorsal part of the neural tube, dorsolateral to the dorsal aorta and in the 
mesenchymal region lateral to the primitive pharynx (Figure 57 a). At the somite 
level 5 to 7 and 8 to 9, labelled cells were found in the mesenchymal region around 
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dorsal part to the neural tube, between somite and neural tube, around dorsal aorta and 
around the gut (Figure 57 b). Similar observations were found in the normal ICR 
embryos. 
For the heterozygous mutants at the 33- to 35-somite stage, the migratory 
pattern was similar to those in the wild types at the 1 to 4 somite levels. Labelled 
cells were found located at the dorsal part of the neural tube, dorsolateral to the dorsal 
aorta and in the mesenchymal region lateral to the primitive pharynx (Figure 58 a). 
At the 5 to 7 and 8 to 9 somite level, the migration pattern was also similar to those 
found in the wild-type embryos (Figure 58 b). For the homozygous mutants, Di-I 
labelled cells could only be found in the mesenchyme between the dorsal aorta and 
the somite. No labelled cells were found in the mesenchyme near the dorsa aorta or 
the gut. The number of labelled cells was not compared in this stage since the 
labelled cells were hard to be identified individually after Di-I labelling (Figure 59 a-
b). 
In conclusion, the neural crest cells of the wild-type Dom embryo originated 
from the somite level 1 to 4 (Figure 60 a) were found to locate in the mesenchyme 
dorsal to the neural tube at the 8- to 9-somite stage. They then reached the 
mesenchyme dorsal to the somite at the 12- to 13-somite stage. Later at the 14- to 16-
somite stage, the neural crest cells were found to move through the mesenchyme 
between the somite and the neural tube. At the 17- to 19-somite stage they were 
observed at the mesenchyme near the dorsal aorta. They then arrived the foregut at 
the 21 to 23 somite stage. For the neural crest cells that migrated out of the neural 
tube at the somite level 5 to 7 (Figure 60 b), the migration pattern was similar to that 
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at the somite level 1 to 4, except that, the stage at which the neural crest cells reached 
the gut at this level was later at the 25- to 27-somite stage. The migration profile of 
the neural crest cells at the somite level 8 to 9 (Figure 60 c) was similar to that at the 
somite level 5 to 7, except that the neural crest cells started to appear in the 
mesenchyme dorsal to the neural tube at the 12- to 13-somite stage. Apart from the 
medial pathway mentioned above, the lateral pathway was also found in the 
mesenchyme between the surface epithelium and the somite. At the somite levels 1 to 
4, 5 to 7 and 8 to 9，the stage at which this lateral pathway appeared was similar (i.e. 
the 21- to 23-somite stage) (Figure 60 a,b,c). 
For the neural crest cells of the heterozygous Dom mutant originated at the 
somite level 1 to 4 (Figure 61 a), they were found to locate in the mesenchyme dorsal 
to the neural tube at the 8- to 9-somite stage and reached the mesenchyme dorsal to 
the somite at the 12- to 13-somite stage. At the 14- to 16-somite stage, the neural 
crest cells were found to move to the mesenchyme between the somite and the neural 
tube. At the 21- to 23-somite stage they were observed at the mesenchyme near the 
dorsal aorta, then arrived at the foregut at the 25- to 27-somite stage. The migration 
pathways of the neural crest cells at the somite level 5 to 7 and the somite level 8 to 9 
(Figure 61 b and c) were similar to that at the somite level 1 to 4, except that the 
neural crest cells at the somite level 8 to 9 started to appear in the mesenchyme dorsal 
to the neural tube at the 12- to 13-somite stage (Figure 61 c). Moreover, no lateral 
pathway was observed in the heterozygous Dom mutant at all the somite levels 
examined (Figure 61 a,b，c). 
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In the homozygous Dom mutant at the somite level 1 to 4，their neural crest 
cells were found in the mesenchyme dorsal to the somite at the 8- to 9-somite stage. 
At the 12- to 13- somite stage, neural crest cells were found in the mesenchymal 
region dorsal to the somite. Finally, their migrations were found to stop at the 
mesenchyme between the somite and the neural tube at the 14- to 16-somite stage 
(Figure 62 a). Similar to the heterozygous Dom mutant, no lateral pathway was found 
in the homozygous mutant. 
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Chapter 3 Discussion 
3.1 Development of embryos in vitro 
During the course of development of embryos, organ primordia with 
characteristic morphology are formed at specific developmental stages in specific 
regions of the embryo. Examination of morphology of the organ primordia at a 
particular stage will give the information on whether the embryo is developing 
normally. In the present study, the migration profiles of the vagal neural crest cells 
were investigated from 8.5 d.p.c. to 9.5 d.p.c. to 10.5 d.p.c.. The appearance of 
several morphological structures on 9.5 d.p.c. and 10.5 d.p.c. was, therefore, 
employed to examine the normal development of the experimental mouse embryos. 
These structures included the turning of the body axis, optic and otic placodes, a 
correct number of branchial arches (two branchial arches present on 9.5 d.p.c.), 
presence of forelimb buds and complete closure of the neural tube. Moreover, a 
specific number of somites at a specific developmental stage was also an indication 
for the normal development of the embryos (Brown, 1990). 
All the experimental embryos of our studies showed no significant differences 
in the appearance of the morphological structures described above when compared 
with either the in utero or PBl-injected control embryos. The experimental embryos 
showed strong heart beats and obvious yolk sac circulation after in vitro culture. This 
indicates that the whole embryo culture method and the labelling technique did not 
affect the development of the intra- and extra- embryonic blood circulation. The 
culture conditions of the in vitro whole embryo culture system can mimic to a certain 
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extent the in utero environment inside the uterus of the mice. One of the 
morphological structures that is observed in mouse embryos but not in human 
embryos is the turning of the body axis of the embryo. The turning of the body axis 
commences at around 9- to 11-somite stage and takes place actively at the cervical 
region of the embryo (Kaufman, 1992). Some (35%) of the experimental embryos, 
mainly at the 11- to 13-somite stage, showed partial but not complete turning of the 
body axis or even no body turning (Table 2). This abnormality was possibly caused 
by the injected dye, WGA-Au, which was stuck in the cervical region of the embryos. 
Since WGA-Au has the adhesion property, this may prevent the embryos from turning 
their body at the 9- to 11-somite stage. This abnormality can be prevented by 
avoiding excessive deposit of the dye to the embryo. An adequate amount of WGA-
Au should be restricted to the neural tube. Besides, concentrated WGA-Au solution 
should be employed instead of a diluted one in order to avoid the spreading of the dye 
to the other parts of the embryo. 
After in vitro culture, the embryos were subjected to sectioning and silver 
staining and the distribution of the WGA-Au labelled cells was analysed after silver 
staining. Distribution of the labelled cells in the embryo after labelling and culture 
reflects the normal migration of neural crest cells in mouse embryos because the 
morphological features shown in cultured embryos were similar to those found in 
embryos developed in utero and the distribution pattern of WGA-Au labelled cells 
after culture was invariably reproduced in the embryos analysed within the same 
experimental group. Moreover, as observed in the control and experimental groups, 
the whole embryo culture could support mouse embryos to develop in vitro for up to 
48 hours without formation of any morphological abnormalities. Moreover, the in 
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situ labelling procedure and the handling medium did not induce malformation in the 
embryos. Therefore, the result of the present study does reflect the migratory pathway 
of mouse neural crest cells during normal development. 
3.2 Comparison of the two exogenous dyes 
Di-I and WGA-Au were employed for investigating the migration pathways of 
the neural crest cells. Being a strong and long lasting fluorescent dye, Di-I was used 
to trace the migration of the neural crest cells over a two-day culture period. However, 
this dye is not suitable for the study of the initial migration of the neural crest cells, 
because when the neural crest cells firstly appeared in the mesenchyme, they migrated 
very closely to each other and some of them might even have close contact (Trainor 
and Tarn, 1995; Chan and Tarn, 1988). As a highly fluorescent dye, patches of Di-I 
labelled neural crest cells may appear as fluorescent clumps with high intensity which 
may hamper a detailed examination of the migratory pathway or the relationship of 
the crest cells with the surrounding mesenchyme during migration. Moreover, the 
fluorescent signals from Di-I had to be examined in cryosections under a fluorescent 
microscope. It is difficult to examine the detailed histological structure of the frozen 
sections under a fluorescent microscope, because: (1) the fluorescent microscope 
cannot examine the histological structures and the fluorescent signals simultaneously, 
and (2) histology in a cryosection is not as good as that in a paraffin section. 
Therefore, Di-I was used as a marker for the migration during a relatively longer 
period (two days)) after the labelled cells have dispersed into the mesenchyme. In 
contrast to Di-I, WGA-Au signal can easily be observed as dark granules in paraffin 
sections after silver enhancement with light microscopy. The histological appearance 
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of the labelled embryos can also be examined under a light microscope after the 
sections are counter-stained with fast green. Fast green does not hamper the 
examination of WGA-Au granules, and therefore, both the labelled cells and the 
surrounding histological structures can be examined simultaneously. In addition, 
WGA-Au has been proved to be stable, cell localized and harmless to the cellular 
properties of the labelled cells after it is endocytosed by the labelled cells (Tan and 
Morris-Kay, 1986; Chan and Tarn, 1988). These advantages make WGA-Au a 
suitable marker for investigating the initial migratory behaviour of the neural crest 
cells. 
3.3 Migration pathway of the vagal and trunk neural crest cells 
In studying the initial migration of the neural crest cells，embryos with 5 to 6 
somites were chosen for labelling. Embryos at this stage were chosen because they 
started their migration at the 7- to 8-somite stage as was found previously by Yung 
(1997). In order to label the pre-migratory neural crest cells, labelling must be done 
well before the neural crest cells started their migration. For tracing the neural crest 
cells originated from the somite level 7 to 9, embryos with 7 to 8 somites were chosen 
for labelling because at the 5- to 6-somite stage, the neural tube at the somite level 7 
to 9 had not yet developed and thus cannot be labelled. 
In this study, the initial stage of migration for neural crest cells originated 
from the somite level 1 to 4 was found to be the 7- to 8-somite stage. This finding is 
similar to those found by Yung (1997). The initial migration stage of neural crest 
cells from the somite level 5, 6, 7 and 8 to 9 were the 9�10-, 11- and the 12- to 13-
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somite stages respectively. At these stages the labelled cells were found to migrate 
out of the neural tube and were located in the mesenchyme dorsal to the neural tube. 
After the neural crest cells had migrated out of the neural tube, their migration 
was examined until they reached the gut. At all the somite levels examined, the 
neural crest cells were found to migrate in two pathways. A majority of the cells 
migrated in the medial pathways (i.e. through the mesenchyme between the neural 
tube and the somite to ventral regions of the embryo). A small amount of the cells 
migrated between the surface epithelium and the somite (i.e. the lateral pathway). 
This findings are similar to those observed in chick embryos. In the chick embryos, 
neural crest cells originated from the vagal region of the neural tube were also found 
to migrate in these two pathways. Kuratani and Kirby (1991) found that the neural 
crest cells followed a lateral pathway of migration above the somite into the lateral 
body wall and then occupy the pharyngeal arches. They also followed a medial 
pathway through the somite to the gut. Through the medial pathway, neural crest 
cells originated from the somite level 1 to 4 arrived at the foregut (i.e. the lateral 
mesenchyme of the primitive pharynx at this level) at the 21- to 23-somite stage. 
While the neural crest cells that originated from the somite level 5 to 7 reached the 
mesenchyme of the foregut at the 25- to 27-somite stage. Neural crest cells originated 
from the neural tube outside the vagal neural crest region were also found to migrate 
to the foregut. The trunk neural crest cells from the somite level 8 to 9 were found to 
reach to the foregut at a similar time as that of the crest cells that originated from 
somite level 5 -7，that is，the 25- to 27-somite stage. Thus, the vagal neural crest cells 
arrived at the gut at around Embryonic Days 9.5. By using the Phox2b transcription 
factor as a marker for the enteric neuron precursor, Young and colleagues (1998) 
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showed that neural crest cells were present in the mesenchyme adjacent to the foregut 
at Embryonic Days 9.5. Phox2b was found to express by the enteric neuron 
precursors (Pattyn et al., 1997) and thus can serve as a marker for the enteric neuron 
precursors (i.e. the neural crest cells). The neural crest cells that were originated from 
the vagal neural crest level migrated caudally to the midgut at Embryonic Days 10 
and reached the umbilicus by Embryonic Days 11. The whole length of the gut was 
found to be colonized by the neural crest cells at Embryonic Days 14 (Young et al., 
1998). Therefore, it takes around 4.5 days for the vagal neural crest cells to migrate to 
the hindgut after they have reached the foregut. 
Besides, trunk neural crest cells (crest cells from the somite level 8 to 9 in this 
4 
Study) also contributed to the development of the enteric nervous system. Neural 
crest cells originated from this region were found to locate in the mesenchyme of the 
foregut at the 25- to 27-somite stage (i.e. similar to those found in the vagal neural 
crest cells). Therefore, the trunk neural crest cells also participated in the 
development of the enteric nervous system. This observation corroborates with the 
finding by Durbec and colleagues (1996) who found that genetic knockout of the ret 
gene, which predominantly affected the vagal neural crest cells, resulted in a loss of 
the enteric nervous system except in the foregut. They then found that the ganglia in 
the foregut were derived from the neural crest cells originated from the upper trunk 
level, cells were similar to that at the 1 to 4 somite level (Figure 62 b and c). 
3.4 Counting of labelled cells in Dom embryos 
The distribution of WGA-Au labelled cells in Dom embryos was examined 
under a light microscope which was connected to a digital camera and the images of 
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the embryo sections were then captured and saved in a computer. A software with 
manual count function called Metamorph was used to count the numbers of labelled 
neural crest cells in different regions of embryos. The advantage of using this 
function was that the accuracy of the cell count was increased by magnifying the 
captured images, so that WGA-Au granules inside the cytoplasm of labelled cells 
could be clearly distinguished from the dirt which may sometimes appear in the 
sections. In addition, with the assistance of the manual count function, special marks 
could be generated from the computer software to tag the cells which had already 
been counted, so double counting of a WGA-Au labelled cell could be avoided. 
3.5 Initial stage of vagal and trunk neural crest cells migration of different 
genotypes of the Dom embryos 
Similar to the investigation of the migration profile of the vagal neural crest 
cells in normal ICR mice, the stage at which vagal neural crest cells commenced their 
migration in the Dom embryos was determined. The somite levels that examined in 
the Dom embryos were similar to those in the ICR embryos (i.e. somite level 1 to 4, 
somite level 5, 6 and 7 and somite level 8 to 9). At all levels and in all the genotypes 
of the Dom embryos, the initial stages of migration of the vagal neural crest cells were 
similar to those observed in the ICR embryos. At the somite level 1 to 4, neural crest 
cells started their migration at the 7- to 8-somite stage. At the somite level 5, 6 and 7, 
neural crest cells commenced the migration at the 9，10 and 11 somite stage 
respectively. For the neural crest cells located outside the vagal neural crest region of 
the neural tube, neural crest cells originated from somite level 8 to 9 started their 
migration at the 12- to 13-somite stage. Since the findings on the initial stage of 
migration in Dom embryos are similar to those found in the ICR embryos, the defect 
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of megacolon of the Dom mouse is not caused by a delay of neural crest cells 
migration from the neural tube. The abnormal behaviours of the vagal and trunk 
neural crest cells possibly occur after the neural crest cells have migrated out of the 
neural tube. This finding corroborates with the result found by the studies of Kapur et 
al., (1996) on the death of neural crest cells in Dom embryos. The death of neural 
crest cells (i.e. apoptosis of the neural crest cells) was found to be responsible for the 
enteric aganglionosis in Dom mouse embryos and was found to be most serious 
before these cells entered the gut (Kapur, 1999). 
3.6 Differences in the distribution of WGA-Au labelled cells in different 
genotypes of Dom embryos 
The numbers and the distribution pattern of the WGA-Au labelled cells were 
examined and compared among different genotypes of the Dom embryos. This 
comparison was made in different mesenchymal regions at 1 to 4 somite level, 5 to 7 
somite level and 8 to 9 somite level. 
Based on the observations from the Dom embryos that mentioned above, 
several postulations for the defects that found in Dom mouse (intestinal aganglionosis 
and pigmentation defects) are put forward. The migration behaviours of the wild-type 
embryos are normal, since both the migratory pattern and number of the labelled cells 
are similar to those found in the ICR embryos. In contrast to the wild-type and ICR 
embryos, retarded migration of the vagal neural crest cells was found in the 
heterozygous and homozygous mutants. The retarded migration of the neural crest 
cells was firstly started at the 13- to 15-somite stage in both the heterozygous and 
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homozygous mutants, since a reduction in the number of labelled cells was observed 
at this stage. This reduction of the number of labelled cells could be due to the 
apoptosis of the neural crest cells after they have migrated out of the neural tube as 
proposed by Kapur (1996) who employed TUNEL labelling to study the apoptosis of 
the neural crest cells in homozygous Dom mutants. They found that apoptosis 
occurred before the neural crest cells entered the gut. Apart from apoptosis of the 
neural crest cells, retarded migration was found in the heterozygous mutants. When 
compared with the migration pathways of the normal and wide-type embryos, the 
migration of the neural crest cells of the heterozygous mutants was found to be slower. 
This reduction in the rate of migration occurred firstly at the 17- to 19-somite stage. 
The labelled cells were always found to lag behind in the pathway when compared 
with the wide-type and normal embryos. The aganglionosis at the distal hindgut of 
the Dom heterozygous mutants (Gariepy, 2001) is possibly a result of the reduced 
number and the retarded rate of migration of the neural crest cells. 
In the homozygous mutants, the migration of the neural crest cells even ceased 
at the 14- to 16-somite stage. The labelled cells in the homozygous mutants stayed in 
the mesenchymal region between the somite and the neural tube after they had 
reached this region at the 14- to 16-somite stage. No further migration was found at 
the later stages even at the 33- to 35-somite stage. In the homozygous mutants, a 
complete aganglionosis of the whole gut was found. This complete aganglionosis of 
the homozygous mutants (Pattyn et al., 1999; Herbarth et al., 1998; Southard-Smith et 
al., 1998; Kapur, 1999) is possibly due to the early cessation of migration in the 
mesenchyme between the neural tube and the somite. In the heterozygous mutants, 
however, the number of labelled neural crest cells was reduced at the 12- to 13-somite 
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stage to the 25- to 27-somite stage. This reduction in the number of the neural crest 
cells may result in the aganglionosis of this mutants (heterozygous mutants) were only 
found in the distal hindgut. 
In addition, the lateral pathway (i.e. the pathway between the surface 
epithelium and the somite) was absent in both the heterozygous and homozygous 
mutants, possibly resulting in hypopigmentation, such as, the white ventral belly spot 
and the white tail observed in the Dom mice, because the cutaneous melanocytes are 
derived from the neural crest cells (Yntema and Hammond, 1954; Erickson and 
Loring, 1987) that migrate and disseminate in the epidermis. This observation 
concurs to the findings in other mutants, for example, the spotted pigmentation found 
in the lethal spotted (Is) and piebald lethal ( s�mouse . The spotted pigmentation is 
characterized by an incomplete colonization of the skin by the melanocyte precursors 
(Lane 1966). Apart from the vagal neural crest cells, the migration of the truncal 
neural crest cells from the somite level 8 to 9 was also found to be abnormal. This 
finding further supports the postulation that part of the truncal neural crest cells also 
contributed to the development of the enteric nervous system (Durbec et al., 1996). 
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The vagal neural crest cells originated from the neural tube at the somite level 1 to 7 
contributed to the development of the enteric nervous system. In normal ICR mice, 
neural crest cells originated from the somite level 1 to 4 started their migration at the 
7- to 8-somite stage, while crest cells from the somite level 5, 6 and 7 commenced 
their migration at the 9, 10 and 11 somite stage respectively. Moreover, the truncal 
neural crest cells that were originated from the somite level 8 to 9 were also found to 
have contributions to the development of the enteric nervous system. Both the vagal 
and truncal neural crest cells at the somite level 8 to 9 migrated in two pathways. In 
one of the major pathways the neural crest cells migrated through the mesenchyme 
between the somite and the neural tube at the 14- to 16-somite stage, then migrated to 
the mesenchyme near the dorsal aorta at 17- to 19-somite stage and finally reached the 
mesenchyme of the foregut at around 21 to 23 for vagal neural crest cells and 25 to 27 
somite stage for truncal neural crest cells from the somite level 8 to 9 (i.e. at the 
Embryonic Days 9.5). These neural crest cells participated in the development of the 
enteric nervous system, since an absence of the colonization of these neural crest cells 
resulted in aganglionosis of the gut. Yntema and Hammond (1954) found that the 
enteric ganglia in chick embryos were absent when the vagal neural crest region of the 
neural tube of the chick embryo was removed. In the other pathway of the neural 
crest cells, they were found to migrate to the mesenchymal region between the surface 
epithelium and the somite. 
In Dominant megacolon mice (Dom mice), a rodent model for the Hirschsprung's 
disease, the migration profiles of both the vagal and truncal neural crest cells at the 
somite 8 to 9 were examined and compared with the result found in normal ICR 
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embryos. Comparisons of the migration behaviors included (1) the initial stage of 
migration of the neural crest cells, (2) the number of the neural crest cells at specific 
regions of the embryos and (3) the distribution of the neural crest cells at different 
somite stages. It was found that, the initial stage of migration of both the vagal and 
truncal neural crest cells were the same among all genotypes of Dom mutants and 
normal ICR embryos. Besides, the migratory behaviors of the wild-type neural crest 
cells were similar to those observed in the normal ICR embryos in all aspects. In the 
heterozygous mutants, a reduction in the number of the neural crest cells was found at 
the 13- to 15-somite stage. This reduction in the number of the neural crest cells is 
believed to be the result of early apoptosis of the neural crest cells (Kapur et al., 1996). 
In addition, a delayed migration of the neural crest cells in the heterozygous mutants 
was observed at the 17- to 19-somite stage. At this stage, the neural crest cells of the 
wild-type and normal ICR embryos had already reached the mesenchyme near the 
dorsal aorta. The neural crest cells in the heterozygous mutant, however, were found 
only in the mesenchyme between the neural tube and the somite. Moreover, the stage 
at which the neural crest cells reached the gut was found in the wild-type and normal 
ICR embryos to be earlier than in the mutant (25- to 27-somite stage Vs 33- to 35-
somite stage). In addition, the pathway in which the neural crest cells migrated 
between the somite and the neural tube was absent in the heterozygous mutants. Both 
the reduced number and the retarded migration of the vagal neural crest cells in the 
heterozygous mutant may account for the agnglionosis in the hindgut and 
pigmentation defects of the Dom embryos. 
In the homozygous embryos, the reduced number of the neural crest cells was also 
observed. The degree of reduction in the number of the vagal neural crest cells was 
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similar to those found in the heterozygous embryos and it was first observed at the 13-
to 15-somite stage. Besides, the retardation of migration was more serious in the 
homozygous mutants when compared with the heterozygous mutants. The migration 
of the neural crest cells in the homozygous mutant was almost ceased at the 17- to 19-
somite stage. The neural crest cells were found to stop in the mesenchymal region 
between the neural tube and the somite. No neural crest cells were found in the gut 
and no lateral migration pathway (i.e. the pathway between the surface epithelium and 
somite) were found. The above defects are believed to be the causes of the complete 
aganglionosis of the homozygous embryonic gut and the early death of the 
homozygous mutant at Embryonic Days 13. 
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Electrophoretic patterns of PCR-amplified DNA from different genotypes of Dom 
embryos. 
(a) Agarose gel (4% in TBE buffer) electrophoretic pattern of PCR-amplified 
genomic DNA of different genotypes. The wild-type Dom embryo (+/+) 
shows only one band in 132 base pairs region. For the mutants, there is a 14 
base-pairs polymorphism in the D15Mit71 sequence and therefore, the 
homozygous mutant (Dom/Dom) shows one band in 118 base pairs region, 
while the heterozygous mutant (Dom/+) has both the short and long allele 
shown in agarose gel electrophoretic pattern. 
(b) An example of genotyping. The genotypes of different Dom embryos are 
distinguished after agarose gel electrophoresis. The negative control contains 
no yolk sac membrane DNA during PCR. 
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Fig. 1 
Photmicrohraphs showing the lateral view of an in utero control normal ICR mouse 
embryo (a) and an experimental ICR embryo (b) harvested at the 13 somite stage. The 
experimental ICR embryos is similar to that of the in utero control ICR embryos. 
They all process the normal optic (Op), one branchial arch (BAl), a beating heart (H), 
a normal body axis and discrete somites (S). Bar, 100|im. 
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Fig. 1 
Photmicrohraphs showing the lateral view of an /•// utero control normal ICR mouse 
embryo (a) and an experimental ICR embryo (b) harvested at the 23 somite stage. The 
experimental ICR embryo has been cultured after in situ labeling. The morphology of 
the experimental embryo is similar to the i" niero control ICR embryos. They all 
process the normal optic (Op) and otic (Ot) placodes, two branchial arches (BAl and 
BA2), a beating heart (H), a normal body axis and discrete somites (S). Bar, 250^m. 
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Fig. 1 
Photomicrographs showing the lateral view of an ICR embryo (a), (WT) Dom embryo 
(b), (+/-) Dom embryo (c) and (-/-) Dom embryos (d) at the 15-somite stage. Except 
for the (-/-) mutant, the morphologies of (WT) embryo and (+/-) mutant are similar to 
the ICR embryos. They all have the optic (Op) placode, first and second branchial 
arches (BAl and BA2) and also a beating heart (H). However, the body configuration 
of the (-/-) mutant is distorted when compare with the other mutant and ICR embryo. 
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Fig. 1 
Photomicrograph showing the transverse section of a 10-somite embryo at the somite 
level 7. The neural tube (NT) is heavily stained by WGA-Au. Dark granules are seen 
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(a) Photomicrograph showing the transverse section of a 6-somite stage normal 
ICR embryo at the 1 to 4 somite level. Labelled cells (red arrows) are only 
found at the lateral margin of the closing neural tube (NT). S, somite; Bar, 
50[im. 
(b) Photomicrograph showing the transverse section of an 8-somite normal ICR 
embryo at the somite level 1 to 4. Labelled cells (red arrows) are found in the 
mesenchymal tissue dorsal to the neural tube. S, somite; Bar, 50|am 
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Photomicrograph showing the transverse sections of a normal ICR embryo at the 9 
somite stage at the somite level 5 to 6. NT, neural tube; S, somite; Bar, SO i^m. 
(a) Transverse section taken from the somite level 5 of a normal ICR mouse 
embryo. Labelled cells (red arrows) are found in the mesenchyme dorsal and 
lateral to the neural tube, indicating that neural crest cells at this level have 
started their migration. 
(b) Transverse section taken from the somite level 6 of a normal ICR mouse 
embryo. No labeled cells are found in the mesenchyme dorsal or lateral to the 
neural tube, indicating that neural crest cells at this level have not yet started 
their migration. 
(c) Transverse section taken from the somite level 7 of a normal ICR mouse 
embryo. No labeled cells are found in the mesenchyme dorsal or lateral to the 
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Photomicrographs showing the transverse sections of a normal ICR embryos at the 10 
somite stage at the somite level 5 to 6. NT, neural tube; S, somite; Bar, 50 |im. 
(a) Transverse section taken from the somite level 6 of a normal ICR mouse 
embryo. Lavelled cells (red arrows) are found in the mesenchyme dorsal to the 
neural tube, indicating that neural crest cells at this level have started their 
migration. 
(b) Transverse section taking from somite level 7 of a normal ICR mouse embryo. 
No labeled cells are found in the mesenchyme dorsal or lateral to the neural 
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Fig. 10 
(a) Photomicrograph showing the transverse section of an 11-somite embryo at 
the somite level 7. Labelled cells (red arrows) are found in the mesenchyme 
dorsal to the neural tube (NT), indicating that the neural crest cells at this stage 
have started their migration. S, somite; Bar, 50(am. 
(b) Photomicrograph showing the transverse section of a 12- to 13-somite stage 
embryo at the 8 to 9 somite level. Labelled cells (red arrows) are found in the 
mesenchyme dorsal to the neural tube (NT), indicating that the neural crest 
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Fig. 10 
Photomicrographs showing the transverse sections taken from 8-somite (WT) (a), (+/-) 
(b) and (-/-) (c) Dom embryos at the somite level 1-4. Labelled cells containing 
WGA-Au granules (arrows) in their cytoplasm are found at the mesenchyme dorsal to 
the neural tube, indicating that neural crest cells have started their migration at this 
stage. NT, neural tube; S, somite; Bar, 50|im. 
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Fig. 11 
Photomicrographs showing the transverse sections taken from 8-somite Dom embryos 
of different genotypes at the somite level 5-7. NT, neural tube; S, somite; Bar, 50jim. 
In the transverse sections of, a (WT) Dom embryo (a), a (+/-) Dom mutant (b) and a (-
/-) Dom mutant (c), labeled cells containing the WGA-Au granules in their cytoplasm 
are found only in the neural tube, indicating that neural crest cells have not yet started 
their migration at this stage. 
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Fig. 10 
Photomicrographs showing the transverse sections taken from a (WT) Dom embryo 
(a), a (+/-) Dom mutant (b) and a (-/-) Dom mutant (c) with 9 somites at the somite 
level 5. Labelled cells containing the WGA-Au granules (arrows) in their cytoplasm 
are found migrating out of in the mesenchyme dorsal to the neural tube, indicating 
that neural crest cells have not yet started their migration at this stage. NT, neural tube; 
S, somite; Bar, 50(im. 
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Fig. 13 
Photomicrographs showing the transverse sections taken from a (WT) Dom embryo 
(a), a (+/-) Dom mutant (b) and a (-/-) Dom mutant (c) with 10 somites at the somite 
level 6. Labelled cells containing the WGA-Au granules (arrows) in their cytoplasm 
are found migrating out of in the mesenchyme dorsal to the neural tube, indicating 
that neural crest cells have not yet started their migration at this stage. NT, neural tube; 
S, somite; DA, dorsal aorta; Bar, 50|im. 
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Fig. 10 
Photomicrographs showing the transverse sections taken from a (WT) Dom embryo 
(a), a (+/-) Dom mutant (b) and a (-/-) Dom mutant (c) with 11 somites at the somite 
level 7. Labelled cells containing the WGA-Au granules (arrows) in their cytoplasm 
are found migrating out of in the mesenchyme dorsal to the neural tube, indicating 
that neural crest cells have not yet started their migration at this stage. NT, neural tube; 
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Fig. 10 
Photomicrographs showing the transverse sections taken from a (WT) Dom embryo 
(a), a (+/-) Dom mutant (b) and a (-/-) Dom mutant (c) with 12-13 somites at the 
somite level 8-9. Labelled cells containing the WGA-Au granules (arrows) in their 
cytoplasm are found migrating out of in the mesenchyme dorsal to the neural tube, 
indicating that neural crest cells have not yet started their migration at this stage. NT, 
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(a) Photomicrograph showing the transverse section of a 12- to 13-somite embryo 
at the somite level 1 to 4. Labelled cells (red arrows) are found to migrate 
more ventrally to the dorsal side of the somite. NT, neural tube; S, somite; Bar, 
50|im. 
(b) Photomicrograph showing the transverse section of a 12- to 13-somite embryo 
at the somite level 5 to 7. Labelled cells (red arrows) are found in the 
mesenchyme dorsal to the neural tube (NT). NT, neural tube; S, somite; Bar, 
50|im. 
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Fig. 17 
Photomicrographs showing the transverse sections of a normal ICR embryo at the 14-
to 16-somite stage. NT, neural tube; S，somite; Bar, 50|im. 
(a) Transverse section taken from the somite level 1 to 4. Labelled cells (red 
arrows) are found in the mesenchyme dorsal to the somite. 
(b) Transverse section taken from the somite level 5 to 7. Labelled cells (red 
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Photomicrographs showing the transverse sections of a normal ICR embryo at the 21-
to 23-somite stage. NT, neural tube; S，somite; DA, dorsal aorta; G, foregut; SE, 
surface epithelium; P, peritoneal cavity; Bar 50[im. 
(a) Transverse section taken from the somite level 1 to 4 of a normal mouse 
embryo and two migration pathways are observed. In the major pathway, 
labeled cells (red arrows) are found in the mesenchyme (i) dorsal to the neural 
tube, (ii) dorsal to the somite, (iii) between the somite and the neural tube and 
(iv) near the dorsal aorta and (v) near the foregut, indicating that the neural 
crest cells at the 1 to 4 somite level have arrived at the gut mesenchyme at this 
somite stage. In the minor pathways, labeled cells (green arrows) are found in 
the mesenchyme between the surface epithelium and the somite. 
(b) Transverse sections taken from the somite level 5 to 7 of a normal mouse 
embryo and two migration pathways which are similar to those found at the 
somite level 1-4 (Fig. 2.4.3.3 a). No labeled cells are found near the 
mesenchyme of the gut, indicating that the neural crest cells at the somite level 
5 to 7 have not arrived at the gut at this somite stage. Similar observations are 
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Fig. 19 
(a) A catch-all view of the transverse section at the somite level 5 to 7 of the 
normal ICR embryo at the 25- to 27-somite stage. NT, neural tube; DA, dorsal 
aorta; G, foregut; Bar, 50|im. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme dorsal to the somite and between the 
somite and the neural tube. Similar observations are found at the somite level 
8 to 9; Bar, 50|im. 
(c) High magnification of the yellow rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme near the dorsal aorta and lateral to the 
foregut, indicating that neural crest cells at this level have already reached the 
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Fig. 20 
Photomicrograph showing the transverse section of the 33- to 35-somite normal ICR 
embryo labeled by Di-I. NT, neural tube; DA, dorsal aorta; G，foregut; Bar, 80[im. 
(a) Transverse section taken from the 1 to 4 somite level of the ICR embryo. 
Labelled cells (yellow arrows) are found in the region (i) lateral to neural tube, 
(ii) near the dorsal aorta and (iii) lateral and ventral to the foregut. 
(b) Transverse section taken from the 5 to 7 somite level of the ICR embryo. 
Labelled cells (yellow arrows) are found in the region (i) lateral to the neural 
tube, (ii) near the dorsal aorta and (iii) lateral to the foregut. Similar 

















































































































































































































































































































































Photomicrographs showing the transverse sections of a (WT) (a), a (+/-) (b) and a (-/-) 
(c) Dom mutant embryo with 8- to 9-somites at the somite level 1-4. Labelled neural 
crest cells (arrows) were found in the mesenchyme dorsal to the neural tube. NT, 
neural tube; S, somite; Bar, 50(im. 
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Photomicrographs showing the transverse sections of a (WT) (a), a (+/-) (b) and a (-/-
)(c) Dom mutant embryo with 10- to 11-somites at the somite level 1-4. Labelled 
neural crest cells (arrows) were found in the mesenchyme dorsal to the neural tube. 
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(a) Transverse section at the somite level 5-7 of (-/-)Dom mutant. Labelled neural 
crest cells (arrows) are found in the mesenchyme dorsal to the neural tube. Similar 
observation is found in both the (WT) embryo and (+/-) mutant. 
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Fig. 10 
Photomicrographs showing the transverse sections of a (WT) (a), a (+/-) (b) and a (-/-
)(c) Dom mutant embryos with 12- to 13-somites at the somite level 1-4. Labelled 
neural crest cells (arrows) are found in the mesenchyme dorsal to the neural tube. NT, 
neural tube; S, somite; DA, dorsal aorta; Bar, 50[im. 
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(a) Transverse section at the somite level 5-7 of the (+/-) Dom embryo. Labelled 
neural crest cells (arrows) are found in the mesenchyme dorsal to the neural tube and 
dorsal to the somite. Similar observations are found in the (WT) embryo and (-/-) 




Photomicrographs showing the transverse sections of a (WT) (a), a (+/-) (b) and a (-/-) 
(c) Dom mutant embryos with 12- to 13-somites at the somite level 8-9. Labelled 
neural crest cells (arrows) are found in the mesenchyme dorsal to the neural tube. NT, 
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Fig. 47 
(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the dorsal region of the embryos in (a). Labelled cells 
(red arrows) are found in the mesenchyme dorsal to somite and in the between 
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Fig. 47 
(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the dorsal region in (a). Labelled cells are found in the 
mesenchyme dorsal to the somite and between the somite and the neural tube 
(red arrows). 
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(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the dorsal region in (a). Labelled cells are found in the 
mesenchyme dorsal to the somite and between the somite and the neural tube 
(red arrows); Bar, 50[im. 
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(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the dorsal region in (a). Labelled cells are found in the 
mesenchyme dorsal to the somite; in between the somite and the neural tube 
(red arrows). Similar observations are found in the (WT) embryo and the (+/-) 





(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the red rectangular area in (a). Labelled cells are found 
in the mesenchyme dorsal to the somite and between the somite and the neural 
tube (red arrows). Bar, 50jim. 
(c) High magnification of the yellow rectangular area in (a). Labelled cells (red 
























































































































































































































(a) A catch-all view of the transverse section somite level 1-4 of the (+/-) Dom 
mutants at the 17- to 19-somite stage. NT, neural tube; S, somite; DA, dorsal aorta; 
G, foregut; Bar, 50jim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (arrows) are 
found in the mesenchyme dorsal to somite and between the somite and the neural 
tube; Bar, 50(im. 
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Fig. 39 
(a) A catch-all view of the transverse section somite level 1-4 of the (+/-) Dom 
mutants at the 17- to 19-somite stage. NT, neural tube; S, somite; DA, dorsal aorta; 
G, foregut; Bar, 50jim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (arrows) 
are found in the mesenchyme dorsal to somite and between the somite and the 
neural tube; Bar, 50|im. 
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Fig. 40 
(a) A catch-all view of the transverse section somite level 1-4 of the (+/-) Dom 
mutants at the 17- to 19-somite stage. NT, neural tube; S, somite; DA, dorsal aorta; 
G, foregut; Bar, 50jim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red arrows) 
are found in the mesenchyme dorsal to somite and between the somite and the 
neural tube. Similar observations are found in the (WT) embryo at the somite level 
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Fig. 139 
(a) A catch-all view of the transverse section somite level 1-4 of the (+/-) Dom 
mutants at the 17- to 19-somite stage. NT, neural tube; S, somite; DA, dorsal aorta; 
G, foregut; Bar, 50jim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red arrows) 
are found in the mesenchyme dorsal to somite and between the somite and the 




(a) A catch-all view of the transverse section somite level 1-4 of the (+/-) Dom 
mutants at the 17- to 19-somite stage. NT, neural tube; S, somite; DA, dorsal aorta; 
G, foregut; Bar, 50jim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red arrows) 
are found in the mesenchyme dorsal to somite and between the somite and the 
neural tube; Bar SOjim. 
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Fig. 140 
(a) A catch-all view of the transverse section somite level 1-4 of the (+/-) Dom 
mutants at the 17- to 19-somite stage. NT, neural tube; S, somite; DA, dorsal aorta; 
G, foregut; Bar, 50jim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red arrows) 
are found in the mesenchyme dorsal to somite and between the somite and the 
neural tube; Bar 50|im. 
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(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme dorsal to the somite and between the 
somite and the neural tube. Labelled cells (black arrows) are also found 
between the surface epithelium and the somite (black arrows) ； Bar，50|im. 
(c) High magnification of the yellow rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme near the dorsal aorta and the lateral side 
of the foregut (G) ； Bar, 50|im. 
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(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme dorsal to the somite and between the 
somite and the neural tube. Labelled cells (black arrows) are also found 
between the surface epithelium and the somite; Bar’ SOjim. 
(c) High magnification of the yellow rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme near the dorsal aorta; Bar, 50[im. 
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Fig. 47 
(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme dorsal to the somite and between the 
somite and the neural tube; Bar, 50|im 
(c) High magnification of the yellow rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme near the dorsal aorta; Bar, 50|im 
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Fig. 47 
(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme dorsal to the somite and between the 
somite and the neural tube; Bar, 50|im. 
(c) High magnification of the yellow rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme dorsal to the dorsal aorta; Bar, 50|im. 
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Fig. 47 
(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme dorsal to the somite; Bar, 50|im. 
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(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme dorsal to the somite; Bar, 50|im. 
129 
Fig.49 丨(a)| ：：  
.：t::^-: « 鲁 






\ NT ^ ^ 雄 S 
50[am 
Fig. 47 
(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme dorsal to the somite and between the 
somite and the neural tube; Bar, 25|im. 
(c) High magnification of the yellow rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme near the dorsal aorta and the lateral side 
of the foregut (G); Bar, 25|im 
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Fig. 47 
(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme dorsal to the somite and between the 
somite and the neural tube. Similar observations are found at the somite level 
8-9; Bar, 50|im. 
(c) High magnification of the yellow rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme near the dorsal aorta and the lateral side 
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Fig. 47 
(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme dorsal to the somite and between the 
somite and the neural tube. Similar observations are found at the somite level 
8-9; Bar, 50|im. 
(c) High magnification of the yellow rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme near the dorsal aorta. Similar 
observations are found at the somite level 8-9; Bar, 50|im. 
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(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme dorsal to the somite and between the 
somite and the neural tube. Similar observations are found at the somite level 
8-9; Bar, 25|im. 
(c) High magnification of the yellow rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme near the dorsal aorta. Similar 
observations are found at the somite level 8-9; Bar, 25|im. 
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(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme between the somite and the neural tube. 
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Fig. 47 
(a) A catch-all view of the transverse section at the somite level 5-9 of the (+/-) 
Dom embryo at the 21- to 23-somite stage. NT, neural tube; S, somite; DA, 
dorsal aorta; G, foregut; Bar, SOjim. 
(b) High magnification of the red rectangular area in (a). Labelled cells (red 
arrows) are found in the mesenchyme between the somite and the neural tube. 
Similar observations are found at the somite level 8-9; Bar, 50jim. 
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Photomicrographs showing the transverse section of the 33- to 35-somite Dom 
embryo labelled with Di-I. NT, neural tube; G, foregut; DA, dorsal aorta; Bar, 80|im. 
(a) Transverse section of a (WT) Dom embryo at the 1 to 4 somite level. Labelled 
cells (yellow arrows) are found in the mesenchyme (i) lateral to the neural 
tube (NT), and (ii) around the foregut (G). 
(b) Transverse section of a (WT) Dom embryo at the 5 to 9 somite level. Labelled 
cells (yellow arrows) are found in the mesenchyme (i) lateral to the neural 
tube (NT), (ii) near the dorsal aorta (DA) and (iii) around the foregut (G). 
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Fig. 58 
(a) Transverse section (+/-) Dom mutants at the 1 to 4 somite level. Labelled cells 
(yellow arrows) are found in the mesenchyme (i) lateral to the neural tube and (ii) 
around the foregut (G). Bar, 80 // m. 
(b) Transverse section of (+/-) Dom mutants at the 5 to 9 somite level. Labelled cells 
(yellow arrows) are found in the mesenchyme (i) lateral to the neural tube (NT), 
(ii) near the dorsal aorta (DA), (iii) around the foregut (G). Bar, 80 
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Fig. 59 
(a) Transverse section (-/-)Dom mutants at the 1 to 4 somite level. Labelled cells 
(yellow arrows) are found in the mesenchyme lateral to the neural tube. 
Bar，80//m. 
(b) Transverse section of (-/-)Dom mutants at the 5 to 9 somite level. Labelled 
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